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ABSTRACT 
Buildings in the United States consume approximately 40% of energy and 72% of 
electricity. Commercial buildings consume approximately 1.9 EJ of energy in United States, 
50% of which is used for heating, cooling, and lighting applications. It is estimated that 
windows contribute to 34% of the energy used for heating and cooling. Shading devices help 
to reduce the energy consumption during the cooling season, and can also impact the energy 
consumption in the heating season by reducing the solar heat gain entering the building. In 
addition to this, shading devices also can adjust the amount of daylight that enters a building 
and the associated visual comfort of the occupant(s). Manually controlled shading device are 
not operated frequently enough to achieve a balance between energy savings and occupant 
comfort. Hence, automated controls of shading devices are required to minimize energy 
consumption without causing visual discomfort to the occupants in a space. 
    Past studies on automated shading have mostly been based on simulation. Evaluation 
of the impact of shading devices on both energy and daylight in buildings using experimental 
methods is highly limited. Further there is also a lack of efforts associated with validation of 
simulation results using experimental data. Many studies that use simulation for studying 
dynamic shading devices also used default control strategies available in daylight and/or 
energy simulation software. Thus, the impact of existing automated solutions used by different 
industries also needs to be evaluated to determine the energy savings and daylighting impact 
of these solutions. 
In this work, full-scale experimental testing of dynamic shading is performed and the 
impact on energy consumption, daylighting and glare of a perimeter office space is evaluated. 
The testing was performed using three different shading devices and four control strategies for 
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a period of approximately 6 months in three different orientations, including East, West and 
South. The impact of environmental variables such as temperature and solar irradiation was 
also evaluated when using dynamic shading with two different types of glazing. Secondly, 
energy and daylight model were created based on the experiments completed. The energy 
model was calibrated using the measured data to minimize the root mean squared error of 
energy consumption between the simulated and measured data using a generalized pattern 
search algorithm for optimization of material properties. Results from different models 
available for modeling windows and shading devices in the energy simulation software were 
compared to the measured data. Finally, different automated control strategies used within the 
shade automation industry were used for annual simulation of three vintages of medium office 
reference buildings in six different locations within United States. A total of 9 different cases 
were used for simulation, including the baseline case for evaluating the impact on energy, peak 
demand, daylighting, glare and shade operation. The results from this study are intended to 
inform researchers, engineers and designers about different options available for shading 
control, experimental setup for testing dynamic shading, modeling methods of shading devices 
and assessment of the annual performance of automated shading under different scenarios. 
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CHAPTER 1. OVERVIEW 
1.1 Background 
Buildings in the United States consume approximately 40% energy and 72% of 
electricity [1]. As we face an increasing need to reduce this energy use, in the face of limited 
energy resources and climate change, recently significant research efforts have focused on how 
to reduce the total electricity and energy use in buildings. Modern buildings have a high 
potential for energy savings [2] through implementation of a variety of strategies. However, at 
the same time, buildings and their systems also have the responsibility of providing a 
comfortable and productive environment for occupants, including fulfilling thermal comfort 
and lighting needs [3]. As we spend nearly 90% of our time in buildings [4], a balance between 
comfort, daylight provision and energy conservation is needed.  
Fenestrations serve multiple purposes, in that they admit both direct and diffuse solar 
radiation into a building, permitting both natural daylight and heat gain into the indoor building 
space that the opaque portions of building facades cannot. Through thermal heat transfer, solar 
heat gain, air leakage, and daylighting [3], fenestrations can both positively and negatively 
affect a building’s energy use from the heating ventilation and air conditioning (HVAC) and 
lighting systems. These two systems consume, on average, more than 50% and often over 70% 
of the energy use in commercial and residential buildings in the U.S. [5](Perez-Lombard et al 
2008). Solar gains from fenestrations in particular have been found to account for 
approximately 25% of building energy use [6]. Many interior building spaces, particularly in 
modern commercial buildings, have sufficient daylight to reduce or eliminate artificial, electric 
lighting [7] in perimeter zones for certain periods of operation, due to a significant percentage 
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of window area in the exterior facade. Utilizing daylighting strategies, it has been found that 
electric lighting energy use can be significantly reduced, in some cases up to 77% [8–11]. 
However, too much natural light can also produce glare on occupants’ work surfaces and in 
occupants’ field of view [12], and can also cause occupant discomfort from radiation from 
window surfaces with significantly different temperatures than the interior environment [3]. 
Thus ideally, fenestrations and their associated systems should provide sufficient daylighting, 
while minimizing energy use and maintaining occupant thermal and visual comfort.  
Currently many buildings use some form of shading devices to aid in controlling the 
amount of natural daylight and associated solar gains entering the indoor perimeter spaces. 
Shading devices can be installed on either the exterior or interior of a fenestration, however 
the most common is interior shading placement, due to easier installation and maintenance, 
and generally lower costs. The most common types of indoor shading devices are venetian 
blinds and roller shades [13,14]. In most cases, these shading devices are manually controlled 
by occupants to adjust the shading device’s slat angles and/or height. This enables manual 
adjustment of the amount of natural light and heat gains. Research has shown that occupants 
are very likely to change the position of the internal shading devices when undesired direct 
sunlight reaches their work area. However, even after the unwanted conditions dissipate, 
occupants are not as likely to change the shading device position back to once again allow 
more daylight to the interior [15,16]. This means that the shading devices often remain closed 
once an occupant has closed them, limiting the useful daylight provided to the indoor space. 
Thus, while interior shading devices provide a means to control the daylight in a building, 
currently they are not optimally controlled for improved natural daylighting, reduced energy 
use, or occupant visual or thermal comfort.  
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In light of these challenges, a body of research has developed in the area of dynamic 
shading devices, which are controlled in real-time or near real-time. Data on weather, interior 
environment, and/or building system performance is utilized as input into a control algorithm, 
the logic of which is used to determine how and when to adjust the shading device properties. 
The control strategies developed may be designed to improve energy use, lighting levels and 
glare, occupant comfort, other appropriate parameters, or a combination of multiple of these 
values. A range of methodologies have been utilized to develop and assess performance of 
these shading devices and controls strategies in buildings, including computer simulation-
based methods, laboratory methods, and full-scale testing methods. In addition, a range of 
evaluation criteria and performance indices have been created and used to assess system 
performance. A literature review on the existing methods for both experimental setup and 
modeling of shading and lighting control is discussed in Chapter 2. It is also noted that 
additional literature review discussion is also included in Chapter 3, which is a published 
literature review paper. The research needs within this field which this research addresses, and 
the objectives of the work are discussed in Section 1.2. 
1.2 Dissertation Organization 
Based on the literature review conducted and summarized in Chapter X and X of this 
dissertation, there are several shortcomings in the existing state-of-the-art research in this area. 
First, the amount of full-scale testing of integrated dynamic shading and lighting controls is 
highly limited, as most research has relied strictly on modeling evaluation methods. Moreover, 
the lighting and HVAC energy savings potential of the integrated dynamic shading and lighting 
controls has not been evaluated using full-scale testing. In addition, due to the limited 
availability of full-scale testing data, there is a lack of model validation of existing models 
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using measured data, particularly, related to its impact on building energy consumption. 
Further, there is also lack of data that can be obtained using annual simulation for evaluating 
impact of automated shading control used by the industries on daylight or energy of building 
sector. Thus, the objectives of the research seek to address these gaps in the current literature. 
The objectives, the motivation for each objective, and highlights of the research methodology 
used are summarized below.  The organization of the work done for addressing different 
objectives of this dissertation is shown in Figure 1-1. 
 
Figure 1-1 Dissertation Organization 
 
5 
 
 
1.2.1 Objective 1: Assess the energy and daylight performance of integrated dynamic 
shading and lighting controls in a full-scale laboratory office building test 
environment.   
Chapter 4 and 5 includes published papers addressing this objective, where Chapter 4 
is a published paper based on full-scale testing of dynamic roller shades and Chapter 5 is a 
published paper based on full-scale testing of dynamic venetian blinds. Both present the 
experimental results of this research. This objective addresses the following literature gaps: (i) 
Lack of full-scale data on performance of dynamic shading, (ii) no experimental studies 
evaluating HVAC energy impacts, and (iii) nearly all previous experimental studies are in the 
South orientation only. The main research methodology used to address this objective is 
experimental testing of dynamic shading in three orientations, then the use of this data to 
evaluate HVAC and lighting energy impacts, and impacts on visual comfort and daylighting. 
1.2.2 Objective 2: Create and calibrate daylighting and energy models to laboratory 
testing data. 
Chapter 6 includes the research completed to perform energy and daylight model 
calibration and comparison of window shading models to measured experimental laboratory 
data.  This research is motivated by several of the above-mentioned literature gaps, 
specifically, (i) Significant limitations in the controls of shading devices in both daylight and 
energy modeling, (ii) Limited efforts completed to integrate features of both models together, 
and (iii) Limited model calibration studies based on laboratory-collected data.  The main 
methodology used to accomplish this objective includes the development of custom code for 
controls implementation in daylight and energy modeling software, integration of the results 
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from daylighting models in the energy models, calibration of energy modeling using 
optimization methods, and finally, model comparison with field data.  
1.2.3 Objective 3: Evaluate the daylighting and energy impact of shading control 
strategies on the annual daylight and energy performance of a typical U.S. office 
building. 
The annual simulation of different shading control used by shade automation industry 
and their results is discussed in Chapter 7. There are several motivations for this objective, 
specifically, full-scale, long-term testing is costly and time consuming, and thus if we want to 
understand the estimated energy and daylighting impacts of the use of such devices and 
associated control strategies for a typical U.S. commercial office building under difference 
scenarios, a robust simulation method of a typical building scenarios is needed. The main 
research methodology used for this objective is the annual simulation for various manual and 
automated shading control for medium, typical office building using the DOE reference 
building, in six different locations. This is used to evaluate their impact on energy 
consumption, peak demand, daylighting, glare and shade operation. 
1.3 References 
[1] US EIA, (2013). https://www.eia.gov/ (accessed July 20, 2019). 
[2] Poirazis, H., Blomsterberg, Å., Wall, M., Energy simulations for glazed office 
buildings in Sweden, Energy Build. 40 (2008) 1161–1170. 
https://doi.org/10.1016/j.enbuild.2007.10.011. 
[3] ASHRAE, ASHRAE Handbook of Fundamentals, 2009. 
[4] Klepeis, N.E., Nelson, W.C., Ott, W.R., Robinson, J.P., Tsang, A.M., Switzer, P., 
Behar, J. V, Hern, S.C., Engelmann, W.H., The National Human Activity Pattern 
Survey (NHAPS): a resource for assessing exposure to environmental pollutants., J. 
Expo. Anal. Environ. Epidemiol. 11 (2001) 231–252. 
https://doi.org/10.1038/sj.jea.7500165. 
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[5] Perez-Lombard, L., Ortiz, J., Maestre, I.R., The map of energy flow in HVAC systems, 
Appl. Energy. 88 (2011) 5020–5031. https://doi.org/10.1016/j.apenergy.2011.07.003. 
[6] Barnaby, C.S., Wright, J.L., Collins, M.R., Improving load calculations for fenestration 
with shading devices, ASHRAE Trans. 115 PART 2 (2009) 31–44. 
[7] Papamichael, K., Page, E., Graeber, K., Cost Effective Simplified Controls for Daylight 
Harvesting, Time. (2006) 208–218. 
[8] Reinhart, C., Lightswitch-2002: A model for manual and automated control of electric 
lighting and blinds, Sol. Energy. 77 (2004) 15–28. 
https://doi.org/10.1016/j.solener.2004.04.003. 
[9] Galasiu, A.D., Atif, M.R., MacDonald, R.A., Impact of window blinds on daylight-
linked dimming and automatic on/off lighting controls, Sol. Energy. 76 (2004) 523–
544. https://doi.org/10.1016/j.solener.2003.12.007. 
[10] Tzempelikos, Athienitis, The impact of shading design and control on building cooling 
and lighting demand, Sol. Energy. 81 (2007) 369–382. 
https://doi.org/10.1016/j.solener.2006.06.015. 
[11] Ihm, P., Nemri, A., Krarti, M., Estimation of lighting energy savings from daylighting, 
Build. Environ. 44 (2009) 509–514. https://doi.org/10.1016/j.buildenv.2008.04.016. 
[12] Wienold, J., Dynamic daylight glare evaluation, Elev. Int. IBPSA Conf. Build. Simul. 
(2009) 944–951. https://doi.org/citeulike-article-id:11069372. 
[13] Chan, Y.C., Tzempelikos, A., A hybrid ray-tracing and radiosity method for calculating 
radiation transport and illuminance distribution in spaces with venetian blinds, Sol. 
Energy. 86 (2012) 3109–3124. https://doi.org/10.1016/j.solener.2012.07.021. 
[14] Chan, Y.C., Tzempelikos, A., Impact of shading control and thermostat set point 
control in perimeter zones with thermal mass, Proc. BS 2013 13th Conf. Int. Build. 
Perform. Simul. Assoc. (2013) 2642–2649. 
[15] Rea, M.S., Window blind occlusion: a pilot study, Build. Environ. 19 (1984) 133–137. 
https://doi.org/10.1016/0360-1323(84)90038-6. 
[16] Lindsay, C., Littlefair, P.J., Occupant use of venetian blinds in offices, Build. Res. 
Establ. (1992). 
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CHAPTER 2. LITERATURE AND TERMS REVIEW  
This chapter covers discussion of key terms, modeling methods, and properties of 
significant importance to this research. A published literature review of dynamic shading is 
also provided in Chapter 3. The information discussed is used to design the experiment for 
dynamic shading, select the metric for evaluation of energy and daylight and modeling of the 
dynamic shading in the simulation tools, 
2.1 Window and Shading Device Properties 
The performance of fenestrations and shading devices in a building is determined by 
their properties both for static as well as dynamic applications. A brief review of important 
properties of these devices is provided in this section. These properties include: (1) geometrical 
and material properties, (2) angular and detailed solar optical properties, many of which are 
dependent on the geometric and material properties, and (3) thermal properties. For each of 
these properties their implications for thermal and visual performance is discussed. Methods 
for modeling these devices, as well as methods used for their experimental determination are 
reviewed as well. 
2.1.1 Geometrical and material properties 
Geometric and material properties include information about the shape and dimensions 
of glazing and shading layers, as well as measurable information about each of the materials 
used. Many of these properties are needed for energy modeling in particular but also for some 
shading control strategies’ logic, as a combination of these properties impact and determine 
the angular and detailed solar optical properties of the individual glazing and shading layers 
and ultimately the properties and behavior of complex fenestration systems (CFS) used in 
energy modeling methods. Geometrical properties for windows often reported by 
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manufacturers and in the literature include: thickness of layers of the window (glass, air/gas 
space), dimension of windows and frame (jamb, sill, head, mullion), and distance between the 
glazing and interior shading layers. Material properties include any films and their location 
within the window assembly, the gas fill mixture (e.g. argon) and fraction for double or triple 
glazing, and finally the window and frame (jamb, sill, head, mullion) construction material 
(e.g. aluminum, wood, etc.) and associated thermal properties.  Geometrical and material 
properties for shading devices reported in the literature include color on both sides, thickness, 
airflow permeability, openness factor, and material. Specifically, for venetian blinds, values 
also include slat width, separation distance, range of rotation of slat angles, and slat 
conductivity. 
2.1.2 Angular and detailed solar optical properties 
Angular and detailed solar optical properties of windows and shading devices include 
transmittance, reflectance and absorptance of visible light and infrared radiation; their angular 
dependence is a function of location of the sun and therefore the incidence angle split into 
direct and diffuse components. These properties are needed because they affect the 
transmission of solar radiation and daylight, and also influence the results within energy and 
lighting modeling, as well as glare evaluation. In advanced thermal and daylighting calculation 
tools (e.g. EnergyPlus, DAYSIM), angular optical and thermal properties of glazing and 
shading individual layers are required to assess the impact of fenestration systems on energy 
use, daylight metrics and indoor environmental comfort [1]. Generally, the reflectance of 
window glass increases and the transmission decreases with increasing angle of incidence [2]. 
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2.1.3 Thermal properties 
The thermal properties of fenestrations determine the amount of heat gain into a 
building, as a window acts as the primary barrier between the exterior and interior of a building. 
The thermal properties of internal shading devices can also influence heat gains, but to a lesser 
amount. Thermal properties are not often reported by manufacturers or in the literature for 
shading devices.  The U-value (W/m2K), solar heat gain coefficient (SHGC), and related 
shading coefficient (SC) are the commonly reported and important thermal properties for 
windows. Given that many U.S. state energy codes as well as internationally recognized energy 
codes such as the International Energy Conservation Code have adopted standards for 
fenestration properties based on [3], U-values and SHGC are almost always reported in 
manufacturers’ data for glazing, often through the National Fenestration Rating Council 
(NFRC). These values, generally at normal incidence, must be known for use as input into 
energy modeling [4,5] to obtain heat fluxes and window surface temperatures which are needed 
for other space calculations [6].  
The U-value accounts for heat transfer by thermal conductance, and generally falls 
between a value of 0.20 and 1.20, with a lower value indicating a more thermally efficient 
window. This is particularly important for extreme climates. It may be measured for the glazing 
only (“center of glass”) or the entire window assembly, however since the U-value through the 
glazing and through the frame are typically very different, an overall U-value for the window 
is typically used. The SHGC measures how much of the incoming heat due to solar irradiance 
is transmitted through the window into the interior of the building, including directly 
transmitted as well as the absorbed and re-emitted components. In general, it is an angle-
dependent quantity, since the reflectance of window glass increases and the transmittance 
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decreases with increasing angle of incidence [2]. This value ranges between 0 and 1, with a 
value of 1 meaning that there is no resistance to longwave radiation entering through the 
glazing, and 0 where all longwave radiation is resisted. Typical values of SHGC range from 
0.2 to 0.9.  This property is particularly important for cooling dominated climates. Low-solar-
gain coatings, for hot climates, reduce solar heat gain by blocking admission of the infrared 
portion of the solar spectrum [7]. As mentioned in [8], even a moderate level of solar gain has 
the potential to cause the potential for overheating of a well-insulated building.  
2.2 Modeling Approaches for Windows and Shading Devices 
Available geometric and material properties obtained either from a manufacturer or 
through measurements can be used to model window and shading device layer in different 
software. A range of modeling approaches for shading devices are summarized in Table 1.  
Table 2-1 Different approaches for modeling of shading devices  
Modeling method RS/ VB Advantages Disadvantages Software 
Radiosity: Assumes 
shades properties to be 
constant and diffuse [9] 
RS 
 
Simple  Does not account for 
multiple reflections 
and transmission 
EnergyPlus 
Semi-empirical Model, 
Kotey [10] 
RS Simple; Good accuracy; Accounts 
for direct components and angular 
variation; Used to predict off-
normal beam-beam and beam-
diffuse fabric properties 
Small correction 
needed for high 
incidence angles 
EnergyPlus 
(Equivalent 
layer 
modeling) 
BSDF properties [11] RS/ VB Accuracy Complex; 
Challenging to use 
for shading control 
WINDOW 
/GenBSDF 
Equivalent layer model, 
Kotey [12] 
VB Can be used for shading control; 
Can be integrated in EnergyPlus 
software 
 EnergyPlus 
Radiance [13] RS/ VB Detailed illuminance distribution 
calculation 
Computationally 
expensive 
Radiance 
DAYSIM [14] 
 
RS/ VB Calculation of annual illuminance 
and luminance profile [15]; 
Shading control possible using 
feedback from interior sensor[16] 
 DIVA/ 
DAYSIM 
       (Note: RS = roller shades; VB = venetian blinds) 
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2.3 Metrics for Daylight Availability and Visual Comfort  
There are several important metrics that must be defined in the context of discussing 
daylight metrics. These are summarized in brief as follows. Of use in this research in particular 
is illuminance, including both horizontal and vertical.  
Luminance: Luminance expresses the brightness of an object. It is associated with 
emitted or reflected light; it is defined as the luminous flux emitted from a surface, within a 
unitary solid angle, with respect to the apparent area of the emitting surface [17]. 
Illuminance: Illuminance considers the light received on a surface and is defined as the 
ratio of the luminous flux over the considered lit area. Generally, illuminance measurements 
are taken at either vertical or horizontal plane and are given below: 
Vertical illuminance (Ev): It can be defined as the illuminance at a sensor fixed in a 
vertical plane such that it’s orientation is parallel to the ceiling and/or floor. The sensor should 
be facing a vertical wall or window for the measurement of illuminance. Vertical illuminance 
taken at eye height level in a space can be used as one of the indications of visual 
comfort/discomfort that might be experienced by occupants for a given level of illuminance. 
Horizontal illuminance: This is defined as illuminance at a sensor placed in a horizontal 
plane facing upward towards the ceiling. The horizontal illuminance measurement for 
daylighting evaluation is taken at work plane height and called as work plane illuminance. 
2.3.1 Daylighting evaluation 
Various daylighting evaluation metrics have been used in the literature. Some of the 
frequently used metrics for daylighting evaluation are discussed in this section. Ultimately, in 
this research, Useful Daylight Illuminance (UDI) is used since it also accounts for daylight 
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illuminance values below the illuminance setpoint which is reasonable to use with dimming 
control of electric lighting. 
Daylighting Factor: Daylighting Factor (DF) indicates daylighting performance at a 
point in space without a shading device, considering overcast sky conditions [18]. It can be 
calculated as a ratio of daylight illuminance at a point within a space to the exterior illuminance 
under an unobstructed overcast sky [19]. Various studies [20,21] have used DF as a daylight 
metric. DF is reasonably easy to calculate in real buildings or physical models with 
illumination meters and provides the spatial variation of the effect of daylight under overcast 
sky conditions. Reinhart [20] found that the annual daylight simulations based on the daylight 
factor method served as a worst case scenario of the annual daylight availability, since the 
direct sunlight is discarded. DF does not consider variables such as sky conditions and shading 
devices that my impact performance. DF also cannot be used to indicate illumination levels 
due to a combination of natural and artificial light sources [19]. It cannot provide information 
about glare from natural light or assess indoor lighting. It is a static method of evaluating 
daylight so would not be suitable for dynamic simulation. It can be evaluated using 
DIVA4Rhino. For experimental purposes, as mentioned in Acosta [22], it can be calculated 
when the indoor illuminance at the point of interest and exterior illuminance is known. Exterior 
diffuse horizontal illuminance can be imported from a TMY3 data file or calculated from 
measured data. 
Daylight Autonomy (DA): Daylight Autonomy at a sensor point is defined as annual 
percentage of working hours that the room or space illumination is reached by daylight [23]. 
A space illumination setpoint of 300 lux and 500 lux are commonly used thresholds for the 
calculation of DA. This metric has been used as a daylighting index in various studies [18,24]. 
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DA includes the impact of all variables i.e. climate, window size and properties, room 
geometry, user occupancy, etc., [24] and can also be used to predict lighting energy saving if 
on/off lighting control is used [25]. The limitation of DA is that it excludes illuminance values 
slightly below the threshold and does not consider the problem of glare due to excessive 
daylight [26]. Because it excludes illuminance values below 300-500 lux, it does not include 
the potential of dimmed electric lighting systems to save energy at work place without full DA.  
It is not always the case that the illuminance level should be 300-500 lux to fulfill the 
DA condition. The appropriate setpoint can be chosen based on the lighting requirement. As 
per the definition, to measure the DA, horizontal illuminance at the work plane at one or more 
points can be measured; the percentage of time when the measured illuminance reaches the 
setpoint would be the DA. If multiple points are used, either average illuminance measured or 
illuminance measured at each point should be met the predefined setpoint [18]. The DA is also 
available as output in various lighting simulation software, including DIVA and DAYSIM 
which use the calculation algorithm of the backward-raytracer Radiance [27] combined with a 
daylight coefficient approach [20]. 
Useful Daylight Illuminance (UDI): UDI [26] is a climate-based metric which is 
expressed as a percentage of hours the illumination in a space due to daylight falls in the range 
100–2000 lux. This range of values is considered to be the useful illumination for the occupants 
of the space. The illuminance values below 100 lux are considered as UDI fell-short, and 
conditions above 2000 lux are considered as conditions where the preferred level of 
illuminance is exceeded. Shen and Tzempelikos [18] further sub-divided illuminance criteria 
in the range of 100-2000 lux into three bins 100-500 lux, 500-1000 lux and 1000-2000 lux. In 
this study, they mentioned that the UDI values in the second bin of 500-1000 lux has potential 
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to offset electric lighting without causing significant glare. They also found that, for unshaded 
windows, useful daylight is at a maximum at a longer rather than short distance from window 
because at points very close to window the illuminance is very high.  
UDI informs not only the useful level of daylight illuminance, but also the propensity 
for excessive levels of daylight that are associated with occupant discomfort and unwanted 
solar heat gain [26]. This metric is more flexible as compared to DA as it considers a range of 
values rather than a specific threshold while calculating daylight criteria. Using UDI, the 
overall performance of daylight for a space is evaluated, but it is not a sufficient metric to 
consider the spatial distribution of illuminance at different locations and/or sensor points in a 
space. For each time step, illuminance for a point is compared to predefined range of setpoints. 
Compared to DA, by definition it would be better to provide credit when the illuminance is 
met by all points [18]. As in the case of DA, for calculation of UDI, a horizontal illuminance 
sensor(s) located at work plane height is/are required. The difference between the two is in the 
calculation of index after the measurement is taken. 
Spatial Daylight Autonomy (sDA): Spatial Daylight Autonomy can be defined as the 
percent of an analysis area that meets a minimum daylight illuminance level for a specified 
fraction of the operating hours per year. This metric includes the evaluation of the spatial 
variation of the daylight level which is not accounted for by metrics like DA and UDI. 
Continuous Daylight Autonomy (cDA): The metric cDA [28] also takes into account 
values linearly below the specified illuminance level for DA. For example, if a sensor node 
has an illuminance level 200 lux above or below the specified illuminance level of 500 lux, 40 
% daylight credit is awarded to evaluation for that time step measurement. This overcomes the 
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limitation of DA which does not include the potential of dimmed electric lighting systems to 
help save energy without full DA. 
2.3.2 Glare evaluation 
Glare is visual discomfort that is caused to the occupant by excessive illuminance level 
or contrast between the task area (paper, computer) and the background area. Based on the 
literature review included below we selected Simplified Daylight Glare Probability (DGPs) 
during experimental testing because this metric could be evaluated using a single vertical 
illuminance senor and had a good co-relation with Daylight Glare Probability (DGP) which is 
currently the best-known metric for evaluating glare from daylight. 
Daylight Glare Index (DGI): The daylight glare index (DGI), commonly referred to in 
the calculation of daylight discomfort glare, is based on a mathematical formulation that uses 
the glare source luminance (average window luminance), the solid angle, the background 
luminance (average luminance of the field of view, excluding glare source) and the position 
index [29]. It indicates the degree of discomfort glare due to daylight. DGI is focused on the 
impact of luminance contrast [30]. This index is used by EnergyPlus software for glare 
evaluation and has been used in [5,31]. This index is capable of incorporating glare from a 
very large light source that might itself affect the average luminance of the visual field in which 
the source is seen. It was intended as glare evaluation metric for daylighting in the buildings 
[29]. Some limitations in its application were identified for the prediction of glare under real 
sky conditions and for situations where the glare source is non-uniform or fills approximately 
the entire field of view. DGI is not considered to be reliable when direct light or specular 
reflections are present in a field of view. This is because Hopkinson’s consideration of glare 
relies only upon visible sky brightness through a window and not interior specular reflections 
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or direct sources of light [32]. The indices are defined, from best to worst, as perceptible, 
acceptable, uncomfortable or intolerable, based on a survey carried out by varying different 
factors affecting glare on different building types. A DGI value of less than 22 is considered 
the acceptable limit of glare. 
Unified Glare Rating (UGR): The unified glare rating method (UGR) serves as a 
practical discomfort evaluation system for use in interior lighting conditions. The basic formula 
of the UGR method assumes that the visual field is divided into fields of “glare sources” and 
“background” Such a division is meaningful for traditional interior lighting conditions, where 
glare sources are well defined and small, but not usable for determination of glare from indirect 
lighting or large glare sources, such as windows. In a recent study of the calculation of UGR 
[33] based on a luminance map for uniform and non-uniform light sources, it was found that 
the actual UGR formula is not robust with respect to calculations based on luminance maps. 
Additionally, the values obtained from the luminous intensity distribution and from the adapted 
UGR formula for small sources are not consistent with the values obtained from the luminance 
map. Sendrup [34] applied a modification to UGR named GUGR (General Unified Glare 
Rating) but found that when contrasts were higher and glare sources smaller, neither UGR nor 
GUGR could accurately predict the perceived glare. In a recent review by Galatioto [19] the 
author mentioned that UGR cannot define the distribution quality of luminance. The 
application of the UGR system in its original form is limited to sources with solid angles 
between 3 x 10-4 and 1 x 10-1 steradians, equivalent to projected areas between 0.005 m2 and 
1.5 m2. Smaller sources would be penalized by the formula with too high glare ratings, and 
larger sources would be treated too leniently. It has also be noted that the formula would not 
be accurate for assessing glare sources of high complexity [35]. Experience suggests that this 
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appears to be reliable for electric lighting, but cannot be applied when daylight plays a 
significant role in interior lighting. The maximum threshold value for this index is 19 for office 
spaces. 
Visual Comfort Probability (VCP): The Visual Comfort Probability (VCP) predicts the 
percentage of the population that will accept a given lighting condition as comfortable based 
on electric lighting [36]. A correlation based on luminance of the glare source, solid angle of 
glare source, the position index and the average vertical eye illuminance is provided to 
calculate the VCP. In a study by Reinhart [32], under daylit conditions, VCP produced the 
values least in line with other glare metrics. As it was developed only for very specific, 
artificially-lit circumstances, the author did not recommend its use for daylit scenes. It is only 
valid for typically-sized, ceiling-mounted, artificial lighting installations with uniform 
luminance, as it was derived under these conditions [32]. A VCP greater than 70 is 
recommended for achieving visual comfort. 
Daylight Glare Probability (DGP): DGP was developed through extraction from 
experimental data in private office spaces using human test subjects [37]. It is one of the main 
climate-based daylight metrics for assessing daylight quality [21]. DGP is calculated based on 
vertical illuminance (Ev), glare source luminance (Ls), solid angle (ωs) and the position index 
(P) using the following equation: 
𝐷𝐺𝑃 = 5.87 ∗ 10−5𝐸𝑣 + 9.18 ∗ 10
−2 log (1 + ∑ (
𝐿𝑠,𝑖
2 𝜔𝑠,𝑖
𝐸𝑣
1.87𝑃𝑖
2)
𝑖
) + 0.16 (2.1) 
Various previous studies have used DGP as a metric to evaluate level of visual comfort 
[21][37][30]. In addition to other factors affecting glare which are used by metrics like DGI, 
VCP and UGR, DGP also uses vertical illuminance at eye level to calculate the glare 
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experienced by the occupants. The original DGP study [39] showed good correlation between 
vertical illuminance and DGP for vertical illuminance value between 1000 lux to nearly 10000 
lux, hence this glare index could be estimated using a single sensor measuring the vertical 
illuminance at eye level of the observer within those ranges of illuminance. DGP is found to 
not be adequate for the cases of roller shades with noticeable openness factors when the sun is 
within field of view [38]. DGP and work plane illuminance are not well correlated, except for 
the case of perfectly diffuse fabrics [30]. A daylight glare probability of more than 0.35 is 
considered the threshold for glare. In original DGP study [37] images taken by a charge 
coupled device (CCD) camera was implemented in “Evaglare”; the section having four times 
higher luminance value than the average luminance of task area were identified as a glare 
source.  
In a study done by Chan [38] simplified DGP (DGPs), which can be correlated to 
vertical illuminance, was used such that when total vertical illuminance was 2670 lux, the glare 
probability would be 0.35. In the same study, a threshold value for vertical beam illuminance 
of 1000 lux and vertical total illuminance of 2670 lux was used. This method is useful because 
it allows for the calculation of DGP directly from sensor measurements. It was originally 
developed by Wienold [16] and has been used in various studies [38][39][40]. This method is 
further discussed below.  
DGP can also be evaluated by performing luminance mapping of a High Dynamic 
Range (HDR) vision sensor. This technique was recently used in [41] to perform on-the-fly 
calculations of DGP based on the controls of external shading device utilized.  The HDR 
imaging technique was also used by Suk [42] to calculate different glare indices; this study 
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found that the DGP calculation using this method and other existing methods were still 
inconsistent and further investigation was required for robust evaluation of DGP. 
Simplified Daylight Glare Probability (DGPs): DGPs [43] is simplified version of 
DGP based on vertical illuminance observed at eye level (Ev), and calculated using following 
equation: 
𝐷𝐺𝑃𝑠 = 6.22 ∗ 10−5𝐸𝑣 + 0.184 (2.2) 
This equation is based on an empirical correlation between DGP and vertical 
illuminance at eye level and cannot generally be applied when direct sunlight or specular 
reflection hits the eye of the occupant [43]. This metric can be calculated based on a single 
measurement of vertical illuminance at eye level thus it is a relatively simple value to determine 
when measurement from the illuminance sensor is available in comparison to other metrics for 
glare evaluation. 
2.4 Dynamic Shading Experimental Setup  
The objective of the use of automated shading control is to provide occupant comfort 
by preventing glare and maximize daylight availability, and to reduce energy usage, generally 
targeting reductions from electric lights which also results in HVAC energy savings. Data on 
a range of different parameters needs to be collected in order to determine whether a control 
strategy fulfills these objectives. In addition to the data collected for monitoring performance, 
data can also be collected which can provide input and feedback to the control strategy being 
used. Some of the measurements that have been commonly been collected in experiments using 
shading devices and their associated controls in various locations of a room/space are discussed 
below. This analysis of controls and experimental variables helped to define the setup of the 
laboratory testing conducted in this research. It should be noted that all the measurements 
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discussed below are not necessarily required for testing and/or implementing dynamic shading. 
In addition, one or more measurements suitable to the testing could be selected for monitoring 
and/or controlling the dynamic shading device and its performance. 
2.4.1 Illuminance setpoint 
An illuminance setpoint can be defined as a minimum level of illuminance at the work 
plane that provides a comfortable working environment to the occupant. Thus, the setpoint is 
reached by using electric lighting whenever daylight is at the desired level. However, the level 
of illuminance for such criteria is not fixed and varies by study.  Many studies have used a 
work plane illuminance setpoint of 500 lux (e.g. [38,44]). This value of illuminance is 
commonplace throughout much of the developed world [26]. The illuminance level of 100-
500 lux are considered effective either as the sole source of illumination or in conjunction with 
artificial lighting [26].  Different setpoints of 538 lux [5], a 400 lux of minimum and average 
of 500 lux [4], 570 lux [45], 400 lux [46], 300 lux or more [47], 100-300 lux illuminance for 
computer-based tasks and 200-600 lux for paper based work [31] have been used or defined as 
a minimum setpoint. In most studies, the illuminance setpoint is in the range of 300-500 lux, 
thus within this range, a suitable setpoint could be used based on an objective of the study by 
researchers, and the nature of the work being done by the occupants of a space. 
2.4.2 Horizontal illuminance measurement point(s) 
Horizontal illuminance, measured using calibrated photometers, is typically measured 
at the height of the work plane which ranges from 0.75 m and 0.85 m in most studies. This 
measurement provides information on the lighting level at the work plane, which can be 
interpreted as being acceptable, low, or excessive. Previous studies have also used work plane 
illuminance as an input to shading device and lighting fixture controls [4,31,44,45,48,49]. 
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When taken at various location within a room, this information can also provide a 
characterization of the spatial distribution of lighting levels. Some studies have also evaluated 
horizontal illuminance using ceiling mounted photo sensors facing towards the floor [16,45] 
along with photo sensors at work plane height. In previous studies a varying number of sensors 
have been used in different studies; the distance of the sensor(s) from an exterior window has 
also varied, including, for example, 1.6 m in [38], 2 m in [16], 2.75 m in [45], 1.6 m and 3.3 
m in [30]. Generally, the illuminance level due to daylight is highest for the sensors near the 
window and lower as the distance from the window increase.   
2.4.3 Vertical illuminance measurement point(s) 
Vertical illuminance measurements, also measured using calibrated photometers, are 
generally used to assess visual comfort, and in some cases is used to assess or derive criteria 
for glare. Vertical illuminance can also be used as input into control strategies for shading 
devices. The vertical illuminance measurement is typically taken at eye height but the distance 
of measurement from the exterior window has varied by study. For example, it was 1.2 m in 
[30,38], and 2.2 m in [30,50], while in some studies [16] the measurements were taken in 
multiple locations.  
2.4.4 Irradiation measurement point(s) 
The amount of irradiation falling on the facade of a building is related to the 
illuminance ad heat transfer to the room. Direct irradiation entering a space is also a prominent 
source of glare. Generally, for dynamic shading research, irradiance falling on the facade in 
which window is located is of interest as a control parameter [24,39,40,51]. Recently, since 
visual comfort is a common criteria for dynamic shading, the illuminance value alone or 
luminance mapping are the most used values for shading control [41,52]. 
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2.4.5 Shading devices 
Shading devices with suitable solar and optical properties should be selected for full-
scale testing of dynamic shading. The values of visible transmittance and openness factor are 
two of the most important characteristics for shading device selection for daylight and glare 
prevention. The modeling and measurement of roller shades characteristics and their impact in 
daylight and visual comfort has been discussed in detailed in [1]. In case of venetian blinds the 
specular properties of venetian blinds and the control strategy has impact on it’s performance 
[53]. Along with the shading device, the controller and motor that enables application of 
custom control algorithm is also required. 
2.4.6 Control system 
A control system is needed for the control algorithm implementation, unless the control 
logic is embedded in the shading controller itself. A control system should also be connected 
to a data acquisition system if monitoring of the performance of the dynamic shading is needed. 
The control system used can be dedicated control system for dynamic shading application or 
integration of shading controller with Building Automation System could be performed. 
2.4.7 Shading control strategies 
Shading devices used for solar shading and glare control have an impact on the energy 
performance of buildings. The level of impact depends on how the shading device is positioned 
and controlled.  Research shows that occupants are likely to change the position of a shading 
device when direct sunlight reaches their work area, but are less likely to adjust them for useful 
daylight admittance even after the unwanted conditions are no longer present [54,55]. This 
means that shading devices tend to remain in non-ideal positions, including being closed for 
longer periods of time. If a photo-controlled lighting system is present, closed shading devices 
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will prevent this system from achieving maximum lighting energy savings due to the lack of 
daylight reaching the interior. Interior sensor controlled shading devices have been developed 
in recent years to offset the limitations of manually operated shading devices. From the late 
2000s the control of shading devices has focused more on visual comfort and lighting energy 
saving compared to heating and cooling energy savings. However, some studies have 
considered optimizing overall energy usage. Many studies that consider climatic conditions, 
shading device properties, visual comfort and natural daylight conditions have been developed. 
The state of the art of the control strategies used for dynamic shading, including the methods 
and control logic are discussed in Chapter 3. 
2.4.8 Lighting controls 
Lighting is an essential component of occupied building operations and usability, thus 
representing approximately 17% of all electricity consumed in U.S. commercial buildings [56]. 
Electric lighting is one area where energy savings are typically possible at a reasonable cost in 
both new buildings as well as retrofit projects [48]. Beyond saving in lighting energy 
consumption itself, the reduced use of lighting also contributes to indirect energy savings from 
reduced heat production and associated cooling needs [49]. However, in the heating season, 
reduced internal loads from lighting also likely increases the need for heating energy. Given 
this varied impact, strategies for reducing interior lighting energy use such as the use of 
improved lamp, ballast, and luminaire technology, task/ambient lighting, switch-off occupancy 
sensors, manual dimming, and reduction of maintained illuminance level have been studied in 
detail in Dubois [48]. Various control strategies including the use of a timer, occupancy sensor-
based switches, manual on/off and manual dimming controls, and photosensor-based on/off or 
dimming control have been used in past studies. 
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Reinhart [44] has discussed manual lighting control based on intermediate switch on 
probabilities for certain times during the weekdays. Dubois [48] also demonstrated using 
simulation that it is possible to cut down electricity use for office lighting by approximately 
50% using existing technology in comparison to a case with manual on/off switch near the 
door is used. Research has shown that daylight-linked control systems such as automatic on/off 
and continuous dimming have the potential to reduce electrical energy consumption in an 
office building by 30-60% [45]. These various types of lighting control strategies are discussed 
herein.  
2.4.8.1 Manual Control Strategies 
Manual lighting control is among the most common in buildings today. This “control 
strategy” is mostly based on occupant behavior, i.e. the switching on and switching off 
probability of lights based on occupancy and/or occupancy schedules, or advanced behavioral 
models [16,44,57]. Independent control of electric lighting allowing manual on/off or dimming 
of light have also been studied [58]. Its performance was found to be worse in terms of lighting 
energy saving when compared to automated control of lighting. Although manual control 
strategies are used in simulation models, they are not common in full-scale testing. 
2.4.8.2 Automated, Daylight-Based Control Strategies 
Automated control implies daylight-linked control of electric lighting; other types of 
automated control of lighting based on occupancy and/or schedules are not discussed herein. 
Various studies have shown that when automated control strategies are used, better energy 
performance results. Lighting energy savings has been found to be larger when the lighting 
control system was used in conjunction with photo-controlled venetian blinds due to the 
capability of the blinds to adjust their position automatically in direct response to the variable 
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daylight levels [45].  Rao and Tzempelikos [59] showed that daylight-linked electric lighting 
control is an important energy saving strategy, and demonstrated that it should be implemented 
irrespective of the shading system being used. Selecting a system based on Annual Load Based 
Energy Consumption (ALBEC) values, the combined shading system with daylight-linked 
continuous dimming lighting controls has the greatest potential to save energy [59]. In addition, 
the energy performance of automated controls is relatively straightforward to model as it is 
based on deterministic correlations between physical quantities such as the illuminance at a 
photocell and the status of an electric lighting system [44].  
The threshold values for automatic lighting control for both continuous dimming and 
automatic on/off vary across various studies, with values ranging from 400 lux to 700 lux 
[4,31,44,45,48,49]. The position for the photosensor was on the work plane on some studies 
[4,59], while in other studies the photosensor was located on the ceiling for lighting control 
[45]. There are two main control strategies used while using automated control for lighting, 
including automatic on/off, and automatic continuous control.  
Automatic on/off: In this control strategy lights are turned on when the illuminance is 
below a certain specified threshold value and is accordingly turned off when the threshold 
value is reached. This strategy was used in various studies [4,45,48]. Rao and Tzempelikos 
[59] divided lighting control into stages along the breadth of room using row-based control. 
Olbina [60] used four-stepped control of electric lighting as a function of daylight illuminance 
on the work plane. For highly daylit areas, the lights are turned off and thus do not consume 
any power which provides an energy savings benefit as compared to continuous dimming 
control, which often still consumes some power at the lowest setting. The limitation of this 
control strategy is that the lights are switched on even when the illuminance value is just below 
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the setpoint which may cause higher energy use in terms of both lighting and cooling energy 
in areas that require a higher level of work plane illuminance. The lights also might also be 
constantly changing between on and off if a time delay between lighting level changes is not 
utilized [48]. 
Automatic continuous dimming control: This control strategy reduces the electric 
lighting use through continuous dimming using a lighting dimming system so as to just 
maintain the desired illuminance setpoint. This strategy has been used in various studies 
[31,48,49,61,62]. Continuous dimming has been found to be less distracting to occupants 
compared to other method [45] and, in combination with occupancy sensors and daylight 
dimming, it provides the lowest energy intensity values [48]. However, in order to prolong 
lamp life, most commercial fluorescent photo-controlled dimming systems are built to not 
allow the electric lighting system to switch off entirely [45]. Dimming ballasts are also less 
efficient than non-dimming ballasts and consume 10–20% power even at the lowest possible 
light output [63]. In such case, in highly daylit area, the energy saving due to continuous 
dimming control is likely to be lower than automatic on/off control. 
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Abstract 
Purpose of review: The use of dynamically operated shading has been shown to 
provide energy savings and occupant visual and thermal comfort needs. As the literature in this 
area continues to grow, including development and evaluation of a range of shading devices, 
control strategies, and simulation and experimental test methods, a review is merited to assess 
the current state-of-the-art. 
Recent findings: While roller shades and venetian blinds are most common, there are 
a growing number of additional shading types considered, as well as more complex control 
logic, some of which directly integrates occupant feedback. In addition, the majority of 
dynamic shading evaluation continues to be through simulation-based methods, however there 
is an increasing amount of research using experimental methods. Some research has also 
explored combination simulation and experimental methods to simplify the number of sensors 
needed and associated complexity. 
Summary: Improvements to control logic and ranges of test scenarios continue, 
however there is still significant need for further studies in this area.  
Keywords: Review, Shading control, Simulation, Full-scale testing, Energy saving, 
Occupant comfort 
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3.1 Introduction 
Buildings in the United States consume approximately 40% energy and 72% of 
electricity [1]. As we face an increasing need to reduce this energy use, recently significant 
research efforts have focused on how to reduce the total consumption in buildings. Modern 
buildings have a high potential for improved energy savings, however, at the same time, 
buildings and their systems also have the responsibility of providing a comfortable and 
productive environment for occupants, including fulfilling thermal comfort and lighting needs 
[2]. As occupants spend nearly 90% of their time in buildings [3], a balance between comfort, 
daylight provision and energy conservation is needed. 
Fenestrations serve multiple purposes, in that they admit solar radiation and daylight 
into a building, permitting both natural light and heat gain into the indoor building space. 
Through thermal heat transfer, solar heat gain, air leakage, and daylighting [2], fenestrations 
can both positively and negatively affect a building’s energy use, mostly associated with the 
heating ventilation and air conditioning (HVAC) and lighting systems. Many interior building 
spaces, particularly in modern commercial buildings, have sufficient daylight to reduce or 
eliminate electric lighting in perimeter zones for certain periods of operation due to a 
significant percentage of window area on the exterior facade. Utilizing daylighting strategies, 
it has been found that electrical lighting energy use can be significantly reduced; it is estimated 
that 1 Quad of energy could be saved in the U.S. commercial building stock alone [4], but 
technology solutions currently developed have not been able to achieve significant reductions 
in artificial lighting across a broad range of conditions. However, too much natural light can 
also produce glare and discomfort for the occupants’ work surfaces and field of view, and can 
also cause occupant discomfort from radiation from window surfaces with significantly 
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different temperatures than the interior environment. Thus ideally, fenestrations and their 
associated systems should provide sufficient daylighting, while minimizing energy use and 
maintaining occupant thermal and visual comfort.  
Currently many buildings use some form of shading device to aid in controlling the 
amount of daylight and solar gains entering indoor perimeter spaces. Shading devices can be 
installed on either the exterior or interior of a fenestration, however the most common is 
interior shading, due to easier installation and maintenance, and generally lower costs.  Exterior 
shading devices are most easily installed during construction where access to the exterior 
facade of a building is more easily facilitated, as compared to interior shading devices that can 
typically be installed at any time. In most cases, in the current building stock, shading devices 
are manually controlled by occupants to adjust the shading device’s slat angles and/or height. 
Previous research has shown that occupants are very likely to change the position of the 
internal shading devices when undesired direct sunlight reaches their work area. However, 
even after the unwanted conditions dissipate, occupants are not as likely to immediately change 
the shading device position back to once again allow more daylight once conditions improve 
[5]. Thus, while interior shading devices provide a means to control the daylight in a building, 
currently they are not optimally controlled for improved natural daylighting, reduced energy 
use, and/or occupant visual or thermal comfort.  
In light of these challenges, a body of research has developed in the area of dynamic 
shading devices, the properties and position of which are controlled in real-time or near real-
time. Given the significant amount of literature being published in this area and the associated 
research efforts, a review of the recent state of the art in these areas is merited. In addition, as 
sensors and connected devices become more common, improved connectivity and data are 
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becoming more easily accessible which can enable further use of dynamically-controlled 
shading devices. This review provides review and discussion of methodologies and findings 
from recent efforts. It also identifies challenges, inconsistencies, and further research needs in 
this domain. This research is organized into several sections; we focus first on overall 
innovations in shading device types and control strategy development, followed by a review 
of the modeling and experimental testing methods used, metrics measured, and important 
findings. Assessment of consistencies and inconsistencies in methodologies of testing, as well 
as gaps that merit further investigation are also discussed.  
3.2 Shading Device Types and Properties 
A shading device, in combination with a fenestration, determines the overall thermal 
and optical characteristics of the overall fenestration systems [6,7]. This combination is often 
called a complex fenestration system (CFS). The potential of dynamic shading to provide 
energy saving from heating, cooling and lighting energy use reductions while still providing 
daylight and visually comfortable conditions on the building interior has been studied 
significantly in recent literature.  
The impact on energy and visual performance of shading devices depends, first, on 
their physical properties as well as those of the fenestration(s) they cover. In recent literature, 
various types of static and dynamic shading devices have been developed and tested, including, 
most commonly, venetian blinds [7–13], roller shades [14–20], and louvers [21,22], mostly on 
the interior side of the fenestration, but also some have studied their use on the exterior and/or 
a combination of both. Elzeyadi et al [23] studied less traditional devices, including dynamic 
egg-crates, optical element panels, thermal change planes, weaved panels and automated 
movable screens. Internal light shelves [23] and grid shading [24] have also been investigated 
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for impact on building energy use and comfort. Recent research has also included studies on 
the use of photovoltaics integrated into shading devices, including PV-integrated overhangs 
[25], and dynamic building integrated photovoltaics [26]. Of these shading devices studied, 
however, roller shades and venetian blinds are the most common in current literature. Among 
the 50+ papers reviewed on dynamic shading and fenestrations published within the last three 
years, 18 covered venetian blinds (35%), 6 of which included exterior blinds (12%) and 14 
interior blinds (27%). 17 discussed roller shades (33%), and 5 covered a range of other shading 
devices (10%). The newer types of shading devices proposed in some of the recent literature 
are not as ubiquitous currently, and thus perhaps have not received as much focus. However, 
given that these alternative methods have found to be comparable or better in terms of 
performance compared to the traditional shading types (e.g. [23]) these findings appear to point 
to the need for further study of such devices.   
3.3 Shading Control Strategy Development  
While the physical properties and types of roller shades and venetian blinds appear to 
not have changed significantly over time, the control strategies. Controls during early 2000s 
were either only based on direct sunlight, on the theoretical position of the sun, or on outdoor 
irradiation sensor data using open-loop controls. Since using such control strategies were found 
not to be adequate in maintaining occupant comfort or take into account the variations in sky 
conditions [27], the control of dynamic shading has since moved more towards the use of 
closed-loop controls based on indoor sensors [7,11,17].  
In general, recent efforts have used data on weather, interior environment, and/or 
building system performance as input into a control strategy, the logic of which is used to 
determine how and when to adjust the shading device for improved energy use, lighting levels 
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and glare, occupant comfort, or a combination of these. Recently, many control studies have 
focused more on occupant visual comfort, such that the dynamic shading controls would 
provide an acceptable work environment to the occupants [11,17,28–31]. There has been more 
limited focus on the impact of dynamic shading controls on thermal comfort. The studies 
focused on visual discomfort, known as discomfort glare, use model-based controllers using 
simulation models [12,17] or in some cases luminance mapping using vision sensing 
technology [32] as tools to determine better ways to effectively prevent glare and to maintain 
visual comfort.  
To assess the effectiveness of automated shading controls, established daylighting 
metrics and associated thresholds have been used. More recently, in addition to using these 
metrics, some studies have focused on more in-depth testing with real occupants, to assess 
occupant visual comfort through laboratory and field-based studies using occupant satisfaction 
surveys [10,11,33]. The results are in many cases compared to the established daylighting 
metrics and thresholds of discomfort, some of which have found conflicting results between 
the established metrics and comfort thresholds and what occupants have reported as acceptable 
(e.g. [11,33]).   
Recent studies have also integrated the use dynamic shading with daylight-linked 
lighting controls such that daylight is used to reduce artificial lighting energy and associated 
internal gains. Lighting control is used for electric interior lights to maintain a work plane 
setpoint of 500 lux in most cases [14,15,17,21,28,34,35] and a setpoint of 300 lux in others 
(e.g. [16]), utilizing natural daylight combined with artificial light. Most of the studies with 
lighting control have utilized continuous dimming controls for the internal electric lights 
[15,35–39] while some have used on/off controls [19,40] or stepped dimming control [28]. 
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This is understandable given that continuous dimming gives the largest range of possible 
scenarios to achieve maximum daylight with minimum lighting energy use.  
In general, most studies have also focused on commercial rather than residential 
buildings for dynamic shading and lighting controls studies. Of those papers that specifically 
focus on one building type, 5 cover residential (15%) and 29 cover commercial (85%). Given 
that lighting energy use represents an overall lower percentage of consumption in residential 
buildings than commercial, the lighting energy savings in residential buildings is not 
necessarily considered as impactful [16]. However, as more people work from home, 
telecommute, or stay at home during the day, evaluation in residential buildings may be 
important to consider more carefully moving forward.  
3.4 Dynamic Shading Testing and Evaluation Methods 
To support control strategy and algorithm development, a range of methodologies have 
been utilized to assess performance of dynamic shading devices and associated controls 
strategies, including computer simulation-based and experimental-based testing methods. In 
addition, a range of evaluation criteria and performance measures have been created and used 
to assess system performance. Simulation methods have developed and improved significantly 
in recent years; the number of research efforts using experimental test methods has also 
increased, although it is still limited in comparison to simulation-based research. Of the papers 
reviewed, over 30 (59%) used simulation-based methods for part or all of the study, whereas 
17 (33%) tested using experimental methods. In some cases, both simulation and experimental 
methods were used (16%), as discussed further below. 
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3.4.1 Simulation methods 
Simulation efforts have focused mostly on visual comfort evaluation using daylight 
simulation programs, and/or on energy performance and savings evaluation using energy 
simulation programs. Given that daylighting programs and energy simulation methods do not 
generally provide overlapping capabilities, many simulation-focused papers have focused on 
either daylighting or energy performance. When simulation is used for determining the 
performance of dynamic shading, accuracy in modeling of the thermal and optical transport 
through both the fenestration and shading device is of significant importance. Along with the 
accuracy, computational efficiency is also desirable, especially if the model is intended to be 
used as model in a model-based control strategy in real buildings where quick calculations are 
needed. Thus, recently, the work using simulation focuses on several different areas – (a) 
improving the computational methods and accuracy of models, (b) parametric studies, and (c) 
integration with building-level controls, and assessing building-level impacts, each of which 
is discussed herein. 
3.4.1.1 Modeling improvements 
For (a), research has included making models more accurate and computationally 
efficient in terms of both shading device properties, and controls [41–43]. In [21], the Radiance 
3-phase method [43] was used along with WINDOW7 [44] to improve characterization of 
optical properties and thermal and optical transport through complex fenestration systems. 
WINDOW7 has also been widely used for estimating the detailed properties of fenestration 
system both with and without shading layers [12,14,16,17,45]. Various studies have also 
improved on ray-tracing methods used in lighting simulation software such as DAYSIM [46], 
using hybrid raytracing and radiosity models for daylight and glare simulation [17,45,47,48]. 
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These have found to provide reasonable accuracy and less computation time compared to ray-
tracing simulation.  
Recent efforts have also used the shade position and lighting level output from 
DAYSIM as input in whole building energy simulation software to calculate the impact of 
daylighting on total building energy consumption [21,49]. In many cases this can also be 
facilitated using co-simulation tools that link external data as inputs into EnergyPlus. The 
reason for using such method was accuracy in daylight analysis being higher in daylighting 
software compared to energy simulation [50]. EnergyPlus uses the radiosity method for 
daylight calculation and considers all the light hitting the facade of a simulated building to be 
diffuse. Another limitation in using only whole building simulation software for shading 
control, specifically for roller shades, is that current simulation software only provides two 
possible heights for shading devices, either open or closed, to control a shading device. Hence, 
the implementation of advanced control strategies might be very challenging when using such 
software in a standalone manner.  
3.4.1.2 Parametric studies using simulation 
Various parametric studies have also been performed using simulation, with the aim of 
assessing the impacts of variations in parameters such as window size, room orientation and 
properties of glazing and shading devices. For such studies, using such a large number of 
variables would be costly and time-consuming if conducted using experimental testing. Hence, 
such situations simulation, if accurate, can provide significant insight on performance of 
different windows, glazing and shading types. A parametric study on slat dimensions and slat 
counts was performed [9] using a Honeybee plugin in Grasshopper based on Rhinoceros 3D 
[51] as an engine for Radiance, DAYSIM and EnergyPlus. Similarly, a parametric study using 
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ISE VE [52] studied the impact of various shading typologies on daylight metrics, glare 
indices, solar insolation and solar heat gain coefficient (SHGC) [23]. A parametric study of 
different slat shapes to enable daylight adequacy while maximizing patient’s external view 
access was studied by Sherif [13] using Grasshopper plugin for the Rhinoceros modeling 
software [51]. Singh [15,35] also studied the effect of various parameters such as different 
types of glazing, window-to-wall ratio, and orientation of window using roller shades [15] and 
venetian blinds [35].  
3.4.1.3 New Approaches for building controls and optimization applications 
In addition to parametric studies and model improvements, another focus includes the 
integration of modeled dynamic shading into the larger building controls and optimization 
rather than only considering the space directly interfacing with a dynamically-shaded facade. 
For example, in [19], model predictive control (MPC) for interior roller shades was performed 
using EnergyPlus and the comparison of the performance of the MPC was conducted using a 
reactive conventional shading system. It was found that the MPC had the potential to achieve 
annual heating, cooling and lighting energy savings of 12%, 49% and 54% respectively, as 
compared to a conventional building control system. In another study [36], optimization was 
conducted using a genetic algorithm and EnergyPlus simulation on the operation schedules of 
window blinds to minimize overall building HVAC and lighting energy usage while providing 
visual comfort. Manzan [53] optimized the geometry and location of a fixed external shading 
device used in conjunction with internal dynamically controlled venetian blinds to provide 
optimal energy savings.  
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3.4.2 Experimental testing methods 
As discussed, the number of experimental studies in the field of dynamic shading is 
more limited as compared to simulation studies. Some have focused on the use of illuminance-
based shading controls and others on glare-based controls in a full-scale test setup, many of 
which also take advantage of the use of simulation combined with experimental testing to 
simplify the test setup and/or number of sensors needed. Others have evaluated occupant 
satisfaction and interaction with the shading and controls.  
3.4.2.1 Illuminance-based control evaluation 
Karlsen and Heiselberg [7,11] used vertical illuminance, solar irradiance and cooling 
demand measurement as criteria to control shading devices using combination of external and 
internal venetian blinds. They used vertical illuminance to evaluate glare and a vertical 
illuminance threshold to control the slats angles. Carletti [8] controlled external venetian blinds 
at four pre-determined configurations based on external illuminance and temperature in 
residential buildings to study the impact on indoor thermal conditions. Some research has also 
used a combination of experimental testing and simulation. Shen and Tzempelikos [47] used 
full-scale experimental testing combined with simulation to study daylight-linked control 
which enables control of the shading device based on the transmitted illuminance from the 
window. Simulation determined the correlation between the transmitted illuminance and work 
plane illuminance such that desirable work plane illuminance could be maintained by varying 
the height of shading device based on the transmitted illuminance level from the window. The 
advantage of this method is that only one sensor was needed to control the shading device to 
maintain reasonable daylighting level and visual comfort throughout the room, rather than 
multiple sensors.  
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3.4.2.2 Glare-based control evaluation 
In order to experimentally evaluate visual comfort from dynamic shading applications, 
various approaches have been utilized, including, similar to those mentioned above, studies 
that utilize a combination of experimental testing and simulation. Bueno et al [12] developed 
a controller which used real-time daylight simulation based on the three-phase method and bi-
directional scattering distribution functions (BSDF) as substitute of illuminance sensors; 
experimental testing was used to test the prototype in rotatable test facility under multiple 
configurations. Several recent studies have also focused on the use of high dynamic range 
(HDR) photography for assessment of lighting conditions in an interior space to validate and/or 
calibrate simulation methods, and to provide controls input data. Yun et al [29] utilized 
experimental testing methods to evaluate the vertical illuminance values obtained using 
Evaglare. High Dynamic Range Images (HDRI) were taken with measured vertical 
illuminance in a mock-up room and a scale model then compared to Evaglare outputs. The 
daylight glare probability (DGP) from the HDRIs and DGPs measured in the mock-up room 
and the scale model were also used to determine correlations with vertical illuminance. 
However, the dynamic shading and lighting controls were not evaluated in the experimental 
test setup, and instead were performed using the DIVA-for-Rhino plugin for Rhinoceros for 
blind position and lighting level and EnergyPlus to calculate total consumption. Motamed et 
al [32] performed on-the-fly measurements of DGP using an HDR vision sensor to optimize 
the shading position and electric light control based on visual comfort. Unlike many of the 
experimental setups which use HDR images for assessment of lighting conditions [29,45], here 
the vision sensing technology was used for control purposes, where the discomfort glare 
measurement using the HDR vision sensor was used as an input of solar shading and electric 
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light control system. In [10], shading control for an office with internal venetian blinds was 
performed using DGP calculations using a low-cost camera whose result was compared to the 
images taken with high resolution camera. In the study, they concluded that further research 
and more extensive measurements are needed to verify the applicability of such system in 
broader context, but that the initial efforts showed promising results.  
A central theme across these recent efforts appears to be a move to provide quality 
controls and evaluation methods but through innovations that reduce costs and improve 
simplicity. Given that lower cost systems that are less complex but equally reliable should be 
more desirable for implementation in real buildings, the results of recent efforts are 
encouraging. However, a challenge with comparison and evaluation of different full-scale test 
methods and their results is the variation in the test setups utilized to test the dynamic shading 
devices. For example, most experimental testing has focused on testing shading devices in the 
south orientation, however several have focused on the other orientations as well. Window to 
wall ratios in the experimental test setups used also range significantly, from 32% to 70%, as 
have the dimensions of the rooms and the distance of the interior sensors and/or occupants 
from the exterior windows. Sky conditions are also an important factor that impacts 
performance; in many but not all of the recent experimental papers skype conditions were 
reported.  
3.4.2.3 Occupant satisfaction/interaction with dynamic shading: 
Efforts have also been made to evaluate user satisfaction and interaction with controlled 
shading as well as lighting system [7,11,30,31,40,54], efforts that can really only be evaluated 
using experimental testing. Bakker et al [55] controlled shading devices using various time 
intervals and various discrete steps with pre-determined positions for roller shades to study 
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user satisfaction and distraction caused by shade movement. Occupant interaction with 
motorized roller shades and dimmable electric lights using different control interfaces and 
underlying variables was studied by Ahmad et al [30]. Gunay et al [40] developed an adaptive 
model which was based on lab-collected interaction of occupants with shading devices.  
Finally, automated blinds on a virtual window with artificial daylight were used for testing the 
effect of level of automation and type of system expressiveness (via interface) on user 
satisfaction [31].  
3.5 Conclusions 
Based on the results of studies assessing occupant interaction with shading and lighting 
controls, occupant consciously and actively close shading devices upon perception of glare and 
switch on lights whenever insufficient daylight occurs, however they often fail to turn off the 
lighting or open shading devices when the conditions leading to visual discomfort disappear 
[40]. Hence, automated control of shading has continuously shown to be preferential to manual 
control. The results from various studies showed that automated shading devices have been 
found to provide better daylight performance and energy saving [9,14,16] compared to 
manually operated shading devices. From the review of the recent studies on dynamically 
controlled shading devices, various additional conclusions can be drawn, as follows. These 
also point to future research needs in this area.  
- Diversity of shading devices: Most shading device types studied include roller shades 
and venetian blinds. However, several studies have shown that other shading device 
types show promise and thus may merit further study and comparison to more 
conventional shading methods; 
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- Thermal and visual comfort evaluation needs: Many research efforts have focused on 
evaluation of visual comfort of occupants, however there are some differences in, in 
particular, the parameters and assumptions used for testing among the studies, which 
make comparison of results across multiple studies challenging.  In addition, less effort 
has been placed on evaluation of thermal comfort impacts from dynamic shading, 
which may merit further study. 
- Energy savings and consistency of baseline conditions: Various studies have studied 
impacts of shading devices on energy saving, particularly the advantages in cooling 
dominated climates [16] Significant energy savings have been observed in various 
studies, however, there is still a need of identifying proper baseline case for the 
comparison of energy savings. Some studies have used no shading as the baseline case 
[34,37,45], while others have used either static shading control or simpler shading 
control strategy [9,12,19].To identify the impact of static/dynamic shading on 
buildings, a common or comparable baseline should be identified for each of the cases.  
- Need for better and/or faster simulation methods: Various simulation-based studies 
have assessed the impact of various parameters in different climates and orientations; 
such studies using full-scale testing might not only be arduous but also be nearly 
impossible in some cases. Thus, utilizing the results from full-scale experimental 
testing results to improve whole building energy simulation with accurate modeling of 
shading devices and controls is necessary. This creates a need for accurate and faster 
daylight modeling as well as flexibility of control strategy implementation used for 
shading devices in whole building energy simulation software to assess the holistic 
impact of complex fenestration systems in buildings. 
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- Diversity of test conditions: Most studies reviewed are focused in commercial buildings 
and mostly small office buildings with fenestrations in only one orientation, most 
commonly south. The interaction of more than one shading device in more than one 
orientation is discussed rarely. The simulation for multiple orientations is performed in 
a few studies [16,18,37,47,56], however none of the experimental studies have 
explored dynamic shading in multiple orientations. Although, simulation has been 
performed for multiple orientations, most studies were only focused on one orientation 
at a time. This points to additional research needs in this area. 
- Lack of full-scale testing validation of simulation-based findings: In general, there is a 
lack of full-scale testing results to validate simulation-based findings. On the HVAC 
side, the impact on cooling or heating obtained from dynamic shading and lighting 
controls is mostly assessed in simulation studies [14,15,19,20,34–36]. There are hardly 
any studies that have conducted experimental testing to assess the impact of dynamic 
shading and lighting controls on HVAC energy savings. Hence, additional full-scale 
testing is needed such that the results of this could corroborate the findings from 
simulation studies [57].  
- Addressing full-scale testing challenges: One of the issues associated with automated 
shading devices which has been reported to occur in experimental testing is shade 
oscillation [16], which can occur specially during turbulent sky conditions [17]. This 
should be avoided to prevent occupant distraction from frequent movement of the 
shading devices. To overcome such occurrence a variable interval logic was introduced 
by Xiong and Tzempelikos [17], however more efforts in this area would be beneficial 
to further address this challenge. Guidelines could be created to determine an 
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acceptable time interval of adjustments to shading devices, considering issues such as 
occupant distraction issues, and impacts on dynamic shading device lifetime. 
- Occupant interactions: Finally, in limited studies, interfaces which enable occupants 
to better understand and control the shading devices have been found to increase 
occupant satisfaction with the ability of occupants to override automated controls [31]. 
Most other studies have used fully automated systems without occupant interactions. 
Similarly some studies have found that current metrics used to evaluate glare which are 
integrated into the automated control logic of dynamic shades are not always consistent 
with actual conditions occupants experience [10,33]. Given the increase in focus on 
more interactive solutions, these initial findings showing occupant benefits point to 
additional needs for research in occupant interactions and opinions and their 
consistency with commonly used metrics. 
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CHAPTER 4. FULL-SCALE EXPERIMENTAL TESTING OF INTEGRATED 
DYNAMICALLY-OPERATED ROLLER SHADES AND LIGHTING IN 
PERIMETER OFFICE SPACES 
N. Kunwar, K.S. Cetin, U. Passe, X. Zhou, Y. Li, Full-scale experimental testing of integrated dynamically-
operated roller shades and lighting in perimeter office spaces, Sol. Energy. 186 (2019) 17–28. 
https://doi.org/10.1016/j.solener.2019.04.069. 
Abstract 
Fenestrations are responsible for significant amount of energy consumption in the built 
environment and have significant impact on daylighting and occupant visual comfort. Balance 
between energy consumption and occupant well-being can be achieved using automated 
dynamic interior shading devices. However, empirical evidence on performance of dynamic 
shading devices is lacking. In this study, full- scale experimental testing of two types of roller 
shades using two different control strategies was performed across three different orientations 
during varying sky conditions. Each orientation utilized one baseline room with no shading 
device or lighting control, and a second identical room with integrated shading and lighting 
control. Two different glazing types were also used to assess the performance of roller shades 
when used along with different glazing types. An average of 52% energy savings was obtained 
for lighting and 26% for cooling while maintaining acceptable levels of glare more than 90% 
of the time across all orientations. The impact of factors including shading device, control 
strategy, orientation, sky conditions and other applicable environmental variables for energy 
savings, visual comfort, and daylighting are also discussed. The results of this work provide 
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full-scale testing results and informative recommendations for the utilization of dynamic roller 
shades in real-world scenarios. 
4.1 Introduction 
Buildings in the United States consume more than 40 % of energy and 70 % of 
electricity [1], approximately half of which is from commercial buildings. Approximately 67 
% of this energy in commercial buildings comes from heating, cooling, and lighting 
applications, with lighting alone consisting of approximately 19 % [1]. Fenestrations are 
unique to the building envelope in that they benefit the occupant by providing views to the 
exterior and natural light which impacts occupant comfort and psychology [2–4]. However, 
they also significantly impact the energy use of a building and can account for up to 25 % of 
building energy use [5], and might also cause discomfort glare [6] as a result of excessive 
daylight. Fenestrations can also cause thermal discomfort to occupants due to radiation passing 
through window surfaces [7]. Balancing energy use, daylighting and occupant comfort is 
challenging, particularly given the dynamic nature of weather and the significant variations in 
occupancy and occupant comfort preferences. 
Shading devices installed on a buildings’ windows are one of the most utilized means 
to control the thermal and visual conditions in perimeter spaces [8].Various types of shading 
devices are used to fulfil these purposes, either for aesthetics to maintain a view to the outside, 
and/or for privacy. Shading devices can be subdivided using different classification methods 
based on their location: exterior or interior; geometry: roller shades, vertical blinds, venetian 
blinds, awnings, overhangs, or drapery; mode of operation: fixed or movable; and level of 
automation: manual or automatic. Broadly speaking, shading devices which operate based on 
their immediate environment, with one or more objectives such as occupant comfort, daylight 
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harvesting, energy savings, exterior views, or privacy needs can be classified as dynamic 
shading [9]. Dynamic shading thus overcomes the challenge associated with manual shading 
systems where occupants close the shades when glare, direct sunlight or other discomfort 
occurs, and then leave them in a closed position for days or weeks in a time in non-ideal 
positions [10]. 
The utilization of daylight becomes meaningful in terms of energy consumption if 
artificial lighting is controlled such that the use of natural daylight to provide needed 
illuminance to an interior space also reduces the amount of artificial lighting. Although various 
strategies such as manual controls [11], occupancy- or schedule-based control [12] have been 
used for lighting control, the potential of lighting energy saving is greatest when lighting 
control is directly linked, in real time, with the natural daylight available in an interior space 
[13]. A range of studies on dynamically operated shading devices have been carried out in 
recent decades, both with and without the integration of lighting controls. The most common 
types of shading devices studied are roller shades and venetian blinds; in this work we focus 
on roller shades. The goal of the implementation of roller shades control strategies has 
generally been either for glare and direct sunlight mitigation [14], for occupant comfort [15], 
and/or for energy savings[16,17]. The large majority of studies related to roller shades are 
based on simulation [18].  
There are three main limitations in the current state of the art that this work will address. 
First, a limited number of studies in recent years have used experimental testing to assess the 
performance of roller shades [19–26], as compared to simulation-based studies. Xiong 
performed model based shading and lighting control to evaluate lighting energy and daylight 
glare probability (DGP) [27]. Seyed performed study of occupant interactions with shading 
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and lighting system using different interface for control [25]. Motamed performed real time 
measurement of DGP using High Dynamic Range (HDR) vision sensor. Gunay implemented 
adaptive lighting and blind control algorithm based on data of occupant interaction with 
lighting and shading system [28]. More full-scale testing, including types of control strategies 
only considered in simulation studies, is needed. Second, all experimental studies mentioned 
above were performed for South facing windows except in one study [20], where daylighting 
conditions and lighting energy were assessed in an open plan office with windows in the South 
and West orientation. Thus, the evaluation of the impact of dynamic shading in orientations 
other than the South is not currently well studied, and would benefit from assessment using 
experimental testing, particularly in the East and West orientations. Third, the impact of 
shading and lighting controls on heating and/or cooling energy consumption has rarely been 
assessed using experimental studies, even though the combination of lighting controls and 
shading controls does have impacts on Heating, Ventilation and Air-conditioning (HVAC) use. 
In [29] the heating and cooling energy use was measured for 6 days to compare with 
simulation, however energy savings was not assessed using full-scale testing, since only one 
room was used for the comparison and no baseline case was available for assessment of the 
energy saving potential. This study works to address these three limitations in the state-of-the-
art.  
In this study, full-scale testing of dynamic roller shades combined with interior lighting 
controls is conducted to experimentally assess their impact on lighting and HVAC energy 
consumption, as well as glare and daylighting distribution. The impact of dynamic shading is 
assessed in East, South and West orientations. Two different types of glazing, two types of 
roller shades and two control strategies are used.  
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4.2 Methodology 
In this work, the overall performance of dynamically operated roller shades, including 
HVAC and lighting energy savings, glare, and daylight availability was assessed through 
measured data collected from full-scale experimental testing. The testing was performed from 
March to September 2017, thus capturing the performance of a combination of roller shades 
and control strategies across two different seasons: a transition season (spring) and a cooling 
season (summer). Across all days of full-scale testing, testing was performed such that the 
results included at least several instances of each set of sky conditions, including overcast, 
cloudy, and clear, for each combination of orientations and shading device type. Full-scale 
testing was performed at the Iowa Energy Center’s Energy Resource Station (ERS), located in 
Iowa, in ASHRAE Climate Zone 5A (cool-humid).  
4.2.1 Full-scale test facility 
The ERS test facility used in this work is located in Ankeny, Iowa (41.71ᵒ N, 93.61ᵒ 
W), at an elevation of 285.6 m. The facility has a total floor area of 855.45 m2; the Test Rooms 
utilized in this research measure a total of 24.7 m2 each. The building is aligned with true 
North. The testing was performed for three different orientations with two parallel and identical 
rooms each facing the East, South and West orientations. The layout of the floor plan of the 
exterior Test Rooms is shown in Figure 4-1.  
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Figure 4-1 Test Room floor plan 
 
The tested roller shades were rotated to evaluate the performance of the shading device 
and each of two control strategies in each orientation. Extensive additional details on the 
building envelope properties, and construction of the ERS can be found in [30].  
4.2.2 Windows and shading device 
 The window area in each room is 6.88 m2, the equivalent of approximately 48 % of 
the exterior facade area of each room. These windows are located approximately 0.91 m above 
the finished floor height. In total, the window area in each Test Room measures 1.52 m in 
height by 4.51 m in width. Two different types of windows were used for experimental testing, 
the details for which are provided in Table 4-1. One clear double glazing with visible 
transmittance (VT) 0.81, U-value 3.12 W/m2K and solar heat gain coefficient (SHGC) 0.74, 
and other low-e double glazing with VT 0.65, U-value 1.36 W/m2K and SHGC 0.24 at normal 
incidence. The choice of the placement of the window type allows for assessment of the 
performance of shading devices when combined with different types of windows as well as the 
impact on energy savings and daylighting in a perimeter space. The properties of the two 
different types of roller shades used are shown in Table 4-2. Commercial-grade motors were 
utilized to adjust the position of the shading devices. A single motor was used to control two 
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identical shading devices to cover the width of the windows across each of the controlled Test 
Room (Test Room B). A controller was used to link the control of the shading devices with 
Direct Digital Control (DDC) building automation system (BAS) of the test facility using 
BACnet protocol [31].  
Table 4-1 Window types installed in each orientation 
Orientation Baseline Window (Test 
Room A) 
Dynamic Shading Window (Test 
Room B) 
East Clear Clear 
South Clear Low-e (Surface 2) 
West Low-e (Surface 2) Low-e (Surface 2) 
 
Table 4-2 Properties of shading devices and windows 
Shade VT Solar 
transmittance 
Openness 
factor (OF) 
Solar 
absorptance 
Solar 
reflectance 
Fabric 
color 
Roller Shades 1 (RS1) 0.01 0.01 0.1 0.95 0.04 Charcoal 
Roller Shades 2 (RS2) 0.12 0.17 0.3 0.19 0.64 Oyster 
Note: All properties are for normal incidence of solar irradiation 
 
4.2.3 Lighting 
The lighting system in each Test Room consisted of six 0.6 m x 0.6 m recessed grid 
troffers. All Test Rooms had dimmable ballasts, and all six fixtures were controlled 
simultaneously. Each fixture contained three U-shaped T8 fluorescent tube lamps (31 W each). 
It is noted that this results in a higher maximum power density than the power densities of 12 
W/m2 for office spaces currently recommended by ASHRAE 90.1 [32]; this will result in an 
higher absolute energy savings calculation (kWh), however the percent savings will be similar 
to the use of a lower lighting power density. As such, in this study both the percent savings 
and the absolute savings are presented. With all fixtures fully on and no natural daylight, a 
total of approximately 750 lux ± 70 lux were provided to the work surface at a distance of 2.5 
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m from the window along the centerline of the room. Up to 80 % of the maximum power was 
needed when no natural light is present, to meet the targeted work plane illuminance values in 
the Test Rooms.  
4.2.4 Baseline case identification and justification 
Of the two parallel Test Rooms in each orientation, one Test Room (B), used both 
dynamic shading and continuous dimming lighting control. The second one (Test Rooms A) 
served as the baseline test case in which no shading device and lighting controls were used. 
The lighting was set to be fully on. This set of conditions it meant to mimic a typical office 
building in which lights can be switched to fully on or fully off.  
Across the literature on dynamic shading and lighting, the baseline test conditions to 
which dynamic shading and lighting are compared are inconsistent; no one method appears to 
be followed consistently across the literature. Many studies compare the use of dynamic 
shading and lighting to a baseline without any shading device [16,33–36], while others use a 
baseline of the shading device that is always closed [22,33]. It is impractical, however, to test 
more than one baseline test condition for full scale testing, as only two parallel test rooms were 
present in each orientation. In addition, if a baseline test condition was chosen with the shading 
device as fully closed instead of fully open, variation on daylight/glare data associated with 
the exterior conditions would not be captured. For studies which assess the impacts of lighting 
controls, the baseline case is considered to be without any lighting controls [37–40], i.e. the 
lighting fixtures are fully on during occupied hours. As such, the most appropriate baseline 
condition with which to compare was determined to be a test space without any shading or 
lighting controls, where the shading was fully open and the lighting was fully on.  
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4.2.5 Occupancy and equipment Schedule 
 Following a typical occupancy schedule [41,42] of an office building, the occupancy 
and equipment schedules were assumed to occur from 8 am to 6 pm for each day of testing. 
Sensible and latent loads from two occupants (0.08 people/m2) at a rate of 73.3 W sensible and 
58.6 W latent per person and computer workstation at a rate 88 W (3.5 W/m2) was simulated 
in all test rooms.  
4.2.6 Measurement equipment and data collection 
Interior and exterior sensors were utilized for both monitoring performance and 
providing control feedback for the lighting and shading devices. The sensors used for shading 
and lighting monitoring and control in each Test Room include work plane illuminance and 
vertical illuminance sensors. One additional illuminance sensor was also placed in the ceiling 
of each Test Room to mimic real-world conditions of sensor placements, and to allow for 
comparison with the measured work plane illuminance values. An exterior pyranometer was 
also used to measure external vertical irradiation. All sensors were calibrated following a 
regular calibration test schedule. Power and energy use for the lighting, simulated internal 
loads, and the HVAC system and components serving each Test Room were recorded at 1-
minute intervals. Other variables such as temperature, pressure, flow rates, illuminance, 
equipment status were also monitored and recorded at 1-minute intervals. 
4.2.7 Illuminance measurements 
Four photosensors were used to monitor daylight levels throughout testing in each of 
the six Test Rooms. All sensors were placed along the centreline of each room, at the height 
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from the floor and distance from the window given in Table 4-3. In total, per Test Room, the 
illuminance sensors include three work plane illuminance sensors facing the ceiling located at 
the height of the work plane [43,44], and a sensor measuring vertical illuminance facing the 
exterior window at the eye height of occupants [26,27] 0.5 m from the work plane located at 
2.5 m from the window. These illuminance sensors were utilized for both data collection and 
shading control strategy input and feedback. 
Table 4-3 Position of interior illuminance sensors in Test Rooms 
Sensor type Height from floor Distance from exterior window 
Work plane illuminance  0.76 m  1 m, 2.5 m, 4 m  
Vertical illuminance  1.2 m  3 m  
 
4.2.8 HVAC system  
Two identical HVAC systems served Test Room As and Test Room Bs. The primary 
system for cooling was air-cooled liquid chillers. Two identical air handling units (AHUs) were 
utilized to provide supply air for cooling.  AHU-A supplied conditioning air to Test Rooms As 
and AHU-B to Test Room Bs. Each of the Test Rooms had variable air volume (VAV) terminal 
unit to control the amount of supply air required to maintain the setpoint temperature in each 
room. These VAV boxes provided cooling to the Test Rooms through two supply air diffusers 
per room.  A temperature setpoint of 21°C was used for heating, and 23°C was used for cooling 
for all rooms.  Overall, all HVAC system settings were identical across all test rooms.  
4.2.9 Shading and lighting control 
 Both the shading device and dimmable lighting in the controlled Test Room utilized 
daylight-linked controls. Two different control strategies (CS1, CS2) were used, as follows. 
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Control Strategy 1: The objective of Control Strategy 1 (CS1), is to maximize daylight 
while preventing discomfort glare (Figure 4-2).  
 
Figure 4-2 Control Strategy 1 (CS1) flow chart  
(Note: Shades are modulated to meet vertical illuminance of 1830 lux, 3 m from the window; 0 % of shade height 
is fully open position and 100 % is fully closed) 
 
This is accomplished through the utilization of feedback from an external irradiation 
sensor installed on the exterior of each facade and an interior vertical illuminance sensor at a 
distance of 3 m from the window. When external irradiation exceeded 150 W/m2, the roller 
shades were lowered to a height sufficient to prevent direct sunlight from hitting the work area 
(i.e. work plane protection height) [21]. The work plane protection height (h) is the height of 
the bottom of the shade from the work plane surface needed to prevent direct sunlight from 
hitting the work plane area is given in Equation 4.1. 
                                                         ℎ =
𝑎
𝑐𝑜𝑠(𝛾)
∗ 𝑡𝑎𝑛(𝛼)                                                                        (4.1) 
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where, a is predefined distance of the work plane from the window, γ is surface solar 
azimuth and α is solar altitude. During the testing, the predefined distance of the work plane 
from the window was set to be 2.25 m.  
The setpoint of 150 W/m2  for external irradiation is used as criteria for direct sunlight 
in various other studies [29,45]. The shades were further lowered if the criteria for preventing 
discomfort glare (1830 lux ± 110 lux (dead-band) or less at the work plane) was not attained 
based on feedback from the vertical illuminance sensor. If the illuminance level was lower than 
the dead-band lower limit, the shades were retracted to increase the daylight availability. The 
lighting levels were controlled through feedback from the work plane illuminance sensor at 
distance of 2.5 m using continuous dimming control to maintain a setpoint of 500 lux.  
Control Strategy 2: The objective of Control Strategy 2 (CS2) is similar to that of CS1; 
the main difference is that CS2 uses feedback from the 1 m work plane illuminance sensor 
instead of from vertical illuminance (Figure 4-3), helping to maintain the work plane 
illuminance.  
 
Figure 4-3 Control strategy 2 (CS2) flow chart  
(Note: Shades are modulated to meet work plane illuminance of 1830 lux 1 m from the window; 0 % of shade 
height is fully open position and 100 % is fully closed) 
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A work plane illuminance of 1830 lux ± 110 lux (dead-band) was used as a setpoint to 
control the shading device considering that the work plane illuminance at farther distance from 
the window would be lower than this value. In addition, 2000 lux  is considered the upper limit 
without causing visual discomfort [46]. The lighting levels were, similar to CS1, controlled 
through feedback from the work plane illuminance sensor at a distance of 2.5 m. 
Shading control strategy implementation: Several additional measures were taken to 
reduce the amount of fluctuation in the shading devices during testing. This is for several 
reasons. First, the commercial grade motors used for controlling the shades were not designed 
to operate on an ongoing basis, and cannot continuously operate for more than approximately 
five minutes due to manufacturer-implemented overheating protection. In addition, continuous 
operation of the shading device to maintain a specific illuminance value is likely to be 
distracting to occupants, particularly given that there are ongoing slight fluctuations in cloud 
cover and daylight. These measures include a minimum of 5% and maximum of 20% change 
in height allowed at any given time. These limits overshooting the shade height changes due 
to a change in conditions. A dead-band of 110 lux (10 fc) on both sides of the setpoint for the 
vertical and/or work plane illuminance sensor was also used for controlling the shades, such 
that the shading device maintained its previous position whenever the illuminance levels were 
within the dead-band.  Feedback to the controller and motor from the BAS to adjust the shading 
devices was also limited to a minimum of 1-minute intervals between movements. 
4.2.10 Energy consumption, daylighting and discomfort glare evaluation 
Cooling energy: For the HVAC system energy consumption, the cooling energy 
consumed in each room is computed as the rate at which heat is extracted from the room to 
68 
 
 
maintain the setpoint. This is calculated following the ASHRAE Handbook [7]. The sensible 
heat extracted from the room is given by the amount of cooling energy supplied to the room, 
using Equation 4.2. 
                                                                            𝑄 = 𝑚𝐶𝑝𝑑𝑇                                                                      (4.2) 
Here, the m denotes the mass flow rate of the supply air, Cp is the specific heat capacity 
of supply air and dT is temperature difference between the room air (Tr) and the supply air (Ts). 
The cooling energy for each time step is summed for each day, to obtain the total daily energy 
savings provided for cooling.  
Lighting energy: The data for electrical energy consumed by light fixtures in each room 
was also collected and summed for calculation of daily lighting energy consumption. Energy 
savings is calculated as the difference between the baseline (lights are fully on) and controlled 
Test Rooms.  
Glare: Discomfort glare is assessed using simplified Daylight Glare Probability 
(DGPs), since this metrics provides the ability to assess the glare with one measurement of 
vertical illuminance at eye level. DGPs was calculated from measured value of vertical 
illuminance (𝐸𝑣) using Equation 4.3 from [47].  
                                                         𝐷𝐺𝑃𝑠 = 6.22 ∗ 10−5 ∗ 𝐸𝑣 + 0.184                                                 (4.3) 
Daylighting: The daylighting condition at each of the three work plane illuminance 
sensors was evaluated using Useful Daylight Illuminance (UDI) [46] as metric for daylighting 
evaluation. This metric divides the daylight level into three bins 0-100 lux (UDI fell-short), 
100-2000 lux (UDI achieved) and greater than 2000 lux (UDI exceeded). UDI achieved is 
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further divided into three bins following method used in [35] where the bin ranging from 100-
2000 lux  is divided into three bins: 100-500 lux, 500-1000  lux and 1000-2000 lux.  
4.3 Results and Discussion 
Results from full-scale testing are broadly divided into three Sections, including the 
evaluation of the impacts of the use of the dynamic shading device and lighting controls on (a) 
energy use, (b) glare, and (c) daylight distribution. The experimental data results are assessed 
to understand the impact of various factors on (a) through (c), including shading device type, 
control strategy, orientation, exterior environment temperature and solar irradiation incident 
on the facade. Rigorous data quality control was performed prior to data analysis, thus 
considering the duration of testing, there are several periods of data that are excluded from the 
reported results due to data quality issues such as a lighting fixture or HVAC system 
malfunction, or room temperature inconstancies.  
4.3.1 Energy savings 
Lighting and HVAC cooling energy savings are summarized for different combinations 
of shading devices and control strategies for the East, South and West orientation with different 
combinations of glazing types in Table 4-1. The energy savings is taken as the difference of 
the energy consumed by the controlled test room and that of baseline test room. The absolute 
energy savings (kWh) and percentage energy savings (%) achieved from the integrated 
dynamic shading and lighting controls are shown in Figure 4-4. The daily lighting energy 
savings across all combinations of shading devices and control strategies was between 
approximately 37 to 55 %, or 2 to 3 kWh per day (Figure 4-4). It is noted that if the lighting 
power density was 12 W/m2 as discussed in Section 4.2.3, the percent savings would remain 
at similar levels, but the absolute savings would be approximately half of the reported values.  
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The cooling energy savings ranged from approximately 0 to 70 %, with greater variance 
compared to lighting energy savings, with absolute daily savings of 0 to 9 kWh. Overall, this 
translates to an average lighting and HVAC energy savings of 52 % and 26 % respectively. 
The overall average daily energy savings across all testing was 35 %.  
 
Figure 4-4 Energy savings 
 (a) total daily lighting energy savings (kWh), (b) total daily cooling energy savings (kWh), (c) percent lighting 
energy savings (%), and (d) percent cooling energy savings (%)  (Note: East: clear glazing; West: low-e glazing) 
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When assessed as a function of the total floor area, this translates to approximately 
0.08-0.12 kWh/m2 and 0.00-0.36 kWh/m2 in daily lighting and cooling energy savings, 
respectively. In general, these energy savings values obtained fall into a similar range of other 
studies’ findings, which have found lighting energy savings of 30-75 % [19,20,24,28] using 
experimental testing. In comparison to the other simulation studies related to dynamic roller 
shades [17,21,33,34], where total energy savings are reported to be 12-36 %, the results 
obtained in this work are also similar. 
4.3.1.1 Lighting energy savings 
Overall, compared to HVAC energy savings, the daily lighting energy savings is fairly 
consistent across all tested orientations, control strategies, shading types, and periods of 
testing. In terms of orientation, the average lighting energy savings does not vary significantly, 
including an average of 52, 54, and 51 %, in the East, South and West respectively across all 
testing. While there are different levels and periods of exposure to sunlight in different 
orientations, given the control strategies utilized, similar lighting energy savings levels across 
orientations generally makes sense. More specifically, the East and West-facing rooms receive 
the most direct sunlight in the morning and evening, respectively, and South throughout the 
middle of the day. The average amount of vertical irradiation was 266 W/m2 in the East 
orientation, 226 W/m2 in the South orientation, and 254 W/m2 in the West orientation.  
Since the shade height is first controlled to the work plane protection height to prevent 
direct sunlight, when solar irradiation exceeds the threshold for direct irradiation, the East and 
West rooms have substantial portions of the day in which the shading device is nearly fully 
closed. In addition, based on either work plane illuminance (CS2) or vertical illuminance levels 
(CS1) as secondary controls, in the East and the West orientations the shade is nearly fully 
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closed in the morning and the evening, respectively, and gradually becomes more open as the 
time approaches midday. In the South orientation, the shade is more closed midday. For 
example, this is further illustrated in Figure 4-5(a), which shows the height of shading device 
for RS1-CS1 during a sunny day for each orientation, the percent closed is always below 25 % 
for the South orientation, while in the East the shading device covers more than 50 % of the 
window for almost all hours of the morning.  
In the West, the shades remain almost completely open until midday then are lowered 
to varying levels during the afternoon when the sun is in the West.  In Figure 4-5(b) the 
corresponding level of illuminance at work plane illuminance sensor 2.5 m is provided, which 
shows that the daylight level is maintained between 500 lux and 1600 lux regardless of the 
percentage of window covered by shading device. Similar to orientation, the glazing type and 
shading device type also do not strongly impact the overall observed lighting energy savings. 
This is because despite the difference in glazing and shading type the shading device changes 
its height to different position to maintain the illuminance level at the sensor based on which 
it is controlled.  
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Figure 4-5 Illuminance vs shade height (a) Percentage closed using shading device-RS1 and control strategy-
CS1 across three orientations over a 24-hour period (100 % = fully colsed, 0 % = fully open) for a sunny day, 
and the (b) corresponding illuminance at workplane illuminance sensor 2.5 m from the window 
 
The work plane illuminance level at 2.5 m for Test Room B for different shade heights 
is shown in Figure 4-6 for different shading devices and control strategies for period of 8 am 
to 6pm. Except for RS2-CS2, the height is generally less than 1 m (of 1.42 m) for the South 
orientation. Since, higher illuminance occurs at the work plane illuminance sensor used for 
feedback for CS2, and RS2 has higher VT, the shading height of RS2-CS2 sometimes reaches 
a fully closed state in the South. In both the East and West, the shading device reaches a fully 
closed state for all shading devices except RS1-CS1 in the West. This suggests that a high 
amount of illuminance is incident on the East and West facade compared to the South for at 
least some portion of the day. In the West orientation, when RS1 with lower VT is used for 
CS1 which utilizes feedback from the vertical illuminance sensor, the shading device does not 
extend beyond 1 m for the majority of the time.  
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Impact of sky conditions: The lighting energy savings from the use of dynamic roller 
shades is influenced by the sky conditions and availability of daylight. Generally, during sunny 
sky conditions the daylight is able maintain the setpoint illuminance at the work plane with the 
illuminance from the lighting dimmed at the lowest power level. Hence, the energy savings 
during sunny days showed less variability as compared to cloudy and overcast sky conditions. 
As a result of lower availability of daylight during cloudy and overcast sky conditions the 
energy savings was slightly lower, i.e. 2.7 kWh and 2.5 kWh in cloudy and overcast sky 
conditions respectively compared to 2.8 kWh average energy savings during sunny days. The 
cloudy and overcast days also have more variability compared to sunny days with a standard 
deviation for lighting energy savings of 0.22 kWh, 0.19 kWh and 0.11 kWh for overcast, 
cloudy and sunny sky conditions, respectively. Despite these differences in energy savings 
during different sky conditions, the difference in energy savings for different sky conditions is 
not very large. This is because the lighting fixtures used, when fully dimmed, still consumed 
approximately 40 % of total power compared to fully on conditions. Therefore, even in the 
lowest power consuming state, the lighting still consumed energy. If lighting fixtures were 
used which would be dimmed to lower power levels, this could have further increased the 
lighting energy savings in all sky conditions and also increased the difference in energy savings 
during different sky conditions. 
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Figure 4-6 Work plane illuminance at 2.5 m compared to shade height for Test Room Bs 
 (height of 0 = fully open, 1.42 = fully closed; Note: WPI=Work plane illuminance) 
 
4.3.1.2 Cooling energy savings 
Impact of Glazing: As noted above, unlike the lighting energy savings, cooling energy 
was more varied.  The glazing type significantly impacted these savings. Throughout testing, 
the East and West orientations of the building saw similar levels of incident solar irradiation 
and were exposed to similar external weather conditions. The results of normalization testing, 
in which no shading device or lighting controls were used in either test room, also showed 
similar levels of energy consumption in the East and West orientation. The difference in the 
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energy consumption between the East and West orientations thus is due in part to the 
differences in glazing properties. Generally, the daily cooling energy savings associated with 
the use of dynamic shading and lighting control was observed to be higher in the East with 
lower efficiency clear glazing (2.34 kWh) and lower in the West with low-e glazing (1.13 
kWh) across all testing (Figure 4-4). Thus, given the relatively lower internal heat gains that 
result from the use of the more efficient windows, the lower resulting energy savings impact 
of the dynamic shading and lighting in the West makes sense. Given that solar gains and 
conductive heat transfer make up a significant portion of the heat gains into the building and 
resulting demands on the cooling system, the energy consumption in Test Room B is expected 
to be lower than Test Room A.   
Impact of Environmental Variables: To assess the relative impact of environmental 
variables on cooling energy consumption, a correlation matrix is used (Figure 4-7) between 
the cooling energy consumption (Qcool) and external vertical irradiation (IEV), outdoor 
temperature (Tout), and global horizontal irradiation (GHI). The diagonal elements included in 
this figure represent the variance of each of the variables; the off-diagonal elements in the 
upper triangular portion represents the Pearson’s correlation coefficient between the respective 
row and column variables. A value closer to one indicates a stronger linear relationship with 
positive and negative value representing positive and negative correlation respectively between 
the two variables. The ellipse in the lower triangular portion represents the correlation 
coefficient depicted as ellipse. Detailed description of this plot can be found in [48,49].  
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Figure 4-7 Correlation matrix for the six Test Rooms cooling energy consumption, external vertical irradiation, 
outdoor temperature and global horizontal irradiation  
(Note: EA= East A, EB=East B, WA=West A,WB=West B, SA=South A, SB= South B, Tout= Outsider air 
temperature, GHI=Global horizontal irradiation, IEVE= Vertical irradiation on East facade, IEVW= Vertical 
irradiation on West facade and IEVS= Vertical irradiation on South facade) 
 
In all the Test Rooms with low-e windows (SB, WA and WB), outdoor temperature 
more strongly impacts cooling energy consumption (correlation coefficients = 0.89, 0.84, 
0.89), as compared to external solar irradiation (correlation coefficients = 0.17, 0.43, 0.49) 
while in test rooms with clear windows and no shading device (EA, SA) the impact of external 
solar irradiation (correlation coefficients = 0.89, 0.73) is higher compared to outdoor 
temperature (correlation coefficients = 0.77, 0.7). This is expected given that the low-e 
windows reflect more longwave and shortwave radiation as compared to clear glazing, and as 
a result will require less cooling energy.  
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Figure 4-8 External vertical irradiation distribution across three orientations throughout testing at 1-min 
sampling interval 
 
The test rooms with shading devices as well as lower solar irradiation (South 
orientation) had lower correlation coefficients with external vertical irradiation. The 
distribution of external vertical solar irradiation on each facade throughout the test days is 
shown in Figure 4-8. Solar irradiation on South facade reaches the maximum at around 600 
W/m2, while on the East facade reaches around 900 W/m2 in the morning. For WA with no 
shading device, although the external irradiation reaches as high as 1000 W/m2, the correlation 
between the external irradiation and the energy consumption is low, since it has a low-e 
window with a SHGC (0.24) of only nearly 1/3 of the clear glazing. The West Test Rooms 
with low-e glazing have lower cooling energy savings compared to the East and South 
orientation. In the East where both the Test Rooms have clear glazing, the cooling energy 
savings is higher than in the West and lower than the South with clear window in baseline 
room and low-e window in controlled.  
Impact of Shading Type: For roller shades, generally the cooling energy savings is 
lower for RS1 compared to RS2. This is due, in part, to RS1 having a fabric with a low solar 
reflectance (0.04) compared RS2 (0.64). This means that for RS1, more of the radiative heat is 
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either absorbed (0.95) and emitted to the interior environment or directly transmitted (0.01), 
compared to RS2. For RS2, since the roller shade is generally an opaque surface, little solar 
irradiation is transmitted through the roller shade (solar transmittance = 0.17), thus the 
remaining heat is reflected back towards the window (solar reflectance = 0.64) rather than 
directly transmitted or absorbed and re-emitted to the interior of the room. More of this heat 
returns back to the exterior of the building or remains between the window and shading device, 
reducing overall internal heat gains in the test room as compared to RS2. Hence, despite the 
solar transmittance being slightly higher for RS2 compared to RS1, the energy consumed by 
Test Rooms while using RS1 is higher. Thus, roller shades with higher solar reflectance 
performs better in terms of cooling energy savings compared to roller shades with low solar 
reflectance. 
Impact of Control Strategy: Generally, the cooling energy savings achieved using CS2 
is higher compared to CS1. The height of shade deployed is generally higher for CS2 as shown 
in Figure 6. This likely results in part, in the slightly higher energy savings is observed for 
CS2. 
4.3.2 Glare and daylight distribution 
4.3.2.1 Glare:  
The results for glare are displayed in Figure 4-9. Acceptable levels of glare were 
maintained more than 90 % of time for all combinations of control strategies and shading 
devices in the controlled Test Rooms as compared to 40-60 % of the time for the baseline 
condition. In the East orientation there are some periods in which the glare is in the perceptible 
range for RS2. This is because of the high VT of RS2 even when the shading device is fully 
closed due to the presence of direct sunlight at low angles there are times when the vertical 
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illuminance is slightly higher than the desired level. In the West, despite the solar irradiation 
occurring at lower angle during the late afternoon hours, a similar situation was not observed 
because low-e windows were used with a lower VT compared to clear glazing in the East 
orientation. It is noted, however, that the metric DGPs cannot account for glare from contrast, 
and glare can correlate more poorly with vertical eye illuminance, depending on the position 
of occupant [50] and the presence of direct sun within the field of view of the occupant [26]. 
 
Figure 4-9 DGPs level at test rooms (A, B) in three orientation  
(Note: East A/B= clear/clear glazing; West A/B= low-e/low-e glazing; South A/B =clear/ low-e glazing) with 
different combinations of shading devices (RS1, RS2) and control strategy (CS1, CS2)) 
 
4.3.2.2 Daylight:  
The results of distribution of daylight are provided in Figure 4-10. The figure shows 
daylight levels evaluated in terms of UDI for Test Room As and Bs across the three orientation 
for combinations of the two different roller shades and control strategies. The daylighting level 
at a height of 0.76 m at the distance of 1 m, 2.5 m and 4 m from the window along the centerline 
of the room is presented. It is observed that in general, RS2, which has a higher visible 
transmittance, had more illuminance in higher bins of daylight compared to RS1 across all 
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orientations and control strategies. The only exception was CS1 in the West where the 
illuminance distribution is comparable for RS2 and RS1. Similarly, when two control strategies 
are compared, illuminance levels are in higher bins while using CS1 as compared to CS2 for 
most of the cases. This is because in general the illuminance levels observed were higher at 
the work plane illuminance sensor 1 m as compared to 2.5 m from the window, and this sensor 
was used for feedback controls for CS2. It was also observed that the distribution of 
illuminance was in higher bins in the South orientation for most of the combinations of shading 
devices and control strategies. This might be because during the monitored hours of the day 
from 8 am to 6 pm, the sun directly interfaces for a longer duration in the South orientation as 
compared to the East and West orientations. Therefore, the South facing room also has a higher 
potential of daylight harvesting compared to the East or West facing room. 
 
Figure 4-10 Daylighting level at sensors at different distances from the window at height of 0.76 m for all the test 
cases  
(Note: East A/B= clear/clear glazing; West A/B= low-e/low-e glazing; South A/B =clear/ low-e glazing) 
 
Figure 6 also indicates some differences in the lighting levels on the work plane. For 
RS2-CS1 and RS2-CS2 in the East orientation, and RS2-CS2 in the West orientation, the work 
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plane illuminance levels spike to over 2000 lux when the shade is fully closed (height = 1.42 
m). This indicates that this roller shade is not able to control excess illuminance values, even 
when fully closed. This makes sense since the visual transmittance of RS2 is fairly high 
compared to RS1. By contrast, however, the use of this higher VT roller shade does not 
negatively impact the work plane illuminance conditions in the South orientation. The use of 
CS2 with either RS1 or RS2 works particularly well in the South orientation at providing a 
uniform set of illuminance values at the work plane, in comparison to CS1. 
4.4 Results Uncertainty  
The accuracy of the sensors used for calculation of energy savings, daylight and 
discomfort glare are provided in Table 4-4. 
Table 4-4 Accuracy of the sensors used for measurement 
Sensor Accuracy 
Work Plane Illuminance Sensor ± 5% 
Vertical Illuminance Sensor ± 5% 
Temperature Sensors ± 0.14 °C 
VAV air flow sensor ± 0.0012 m3/s 
Lighting power ± 0.2 % 
Based on the accuracy of sensors provided in Table 4-4, the uncertainty of the results 
is ± 5 % for daylighting and glare, ± 0.017 kWh for daily cooling energy use, ± 0.024 kWh for 
daily cooling energy savings, and ± 0.28 % for lighting energy savings. 
4.5 Conclusions 
Dynamic roller shades integrated with lighting controls were utilized in a full-scale test 
laboratory using two different types of roller shades, and two different control strategies. The 
testing was conducted in three different orientations, including the East, South and West, and 
performance was assessed for three different sky conditions including overcast, cloudy and 
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sunny. The performance of the dynamic roller shades was assessed in three ways, including 
energy consumption, discomfort glare and daylight availability. The impact of glazing type 
and weather conditions was also considered. The following are the conclusions that can be 
drawn from the current study. 
On average lighting energy savings of 52 % was achieved using dynamic roller shades 
and lighting control compared to the baseline case with no shading device and lighting controls. 
This lighting energy savings was highly consistent across all test cases due to the nature of the 
utilized control strategies, regardless of changes in glazing, orientation, and shading devices. 
Most variations were observed to be during cloudy or overcast conditions where lighting 
energy savings is reduced. Further lighting energy savings could have been achieved if the 
lighting utilized consumed less energy at its lowest dimmed level.  
The calculated HVAC cooling energy savings was on average 26 %, with significantly 
higher levels of variability than lighting, due to the larger number of variable factors, including 
exterior environmental conditions. The greatest HVAC energy savings due to dynamic shading 
and lighting was achieved in the test rooms that had clear glazing, as compared to low-e 
glazing. In rooms and orientations with clear glazing, external vertical irradiation had a strong 
impact on cooling energy consumption; in rooms and orientations with low-e glazing, the 
outdoor temperature more strongly impacted cooling energy consumption.  
Acceptable levels of glare were maintained more than 90 % of the time across nearly 
all tested scenarios (as compared to 40-60 % of the time for the baseline condition) and 
maintenance and/or improvement in the useful level of daylight was also observed. However, 
shading devices with high visual transmittance (VT) and openness factor (OF) were not able 
to reliably provide visually comfortable conditions when direct sunlight was on the facade, 
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particularly in the East and West orientations. In the South orientation, however, the shading 
devices with high VT and OF was able to consistently maintain acceptable levels of glare.  It 
is worthy to note, however, that this assumes that the occupant is directly facing the window 
which is the worst-case scenario for discomfort glare. The impact of occupant position relative 
to the window need further study to assess its impact on discomfort glare. 
There are several limitations associated with this study. These limitations and further 
steps to realize the potential of dynamic shading are listed below: 
• First is this study does not account for the interaction of occupants with shading control 
where users when dissatisfied with automated control may override the shading device 
using manual controls. Since the testing was performed in a controlled laboratory setting 
over a long period of time, user interaction was not feasible to study for this length of time, 
and thus was not within the scope of this study.  
• Another limitation is that this study included lighting and cooling energy consumption, 
however it did not collect data on heating energy consumption.  Full-scale testing in the 
heating season would benefit from further study. Preventing direct sunlight helps to reduce 
in cooling energy demand, however the trade-off remains between glare and heating energy 
demand in the heating season. As such, a more complex algorithm that can provide 
optimization of overall energy demand including energy demand for heating, cooling and 
lighting application would be beneficial, and should be studied in future work. However, 
it should be noted that the control algorithms computational time should still be fast enough 
for a real-time application of the control strategy. Using dynamic shading with simple 
control strategies that vary by different season or heating/cooling requirement of the 
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buildings in full-scale testing could shed further light on the performance and potential of 
dynamic shading under different climatic conditions. 
• Another limitation is that the energy savings obtained from the dynamic shading 
application was calculated for each Test Room but not at the building and system level. 
The actual energy savings might be dependent on the performance of HVAC system and 
components and their control.  
• Currently, HVAC system sizing of building does not consider the impact of use of shading 
device on heating/cooling. Building HVAC system sizing that considers impact of the use 
of dynamic shading devices could also be beneficial for future study to help to reduce 
HVAC system sizing, since the use of dynamic shading reduces the cooling energy 
consumption and HVAC system sizing is performed generally based on the demand for 
cooling energy 
• More efforts on evaluation of the impact of dynamic shading on energy consumption, 
daylighting and visual conditions using different types of shading devices and control 
strategies would also be beneficial. This would provide options for engineers and building 
professionals among different types of shading device and control strategies based on the 
need of the consumer. 
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CHAPTER 5. ENERGY SAVINGS AND DAYLIGHTING EVALUATION OF DYNAMIC 
VENETIAN BLINDS AND LIGHTING THROUGH FULL-SCALE 
EXPERIMENTAL TESTING 
N. Kunwar, K.S. Cetin, U. Passe, X. Zhou, Y. Li, Energy savings and daylighting evaluation of dynamic 
venetian blinds and lighting through full-scale experimental testing, Energy. 197 (2020) 117190. 
https://doi.org/10.1016/j.energy.2020.117190. 
Abstract 
Commercial buildings consume around 20% of the total energy utilized in the U.S. The 
use of shading devices in buildings has the potential to reduce building energy consumption 
while also providing a more desirable indoor environment for building occupants. Similarly, 
lighting device controls help reduce lighting energy consumption as well as internal loads. 
However, there is lack of full-scale experimental testing of integrated dynamic shading and 
lighting controls. This study presents full- scale experimental testing data to quantify these 
energy and daylighting impacts. Testing was per- formed utilizing two different control 
strategies, in three different orientations under three different types of sky conditions. The 
shading device was also used in conjunction with two different types of glazing. An average 
of 25.4% cooling energy savings and 48.5% lighting energy savings was achieved. Visual 
discomfort evaluated using Simplified Daylight Glare Probability was prevented more than 
85% of time during occupied hours. Improvement in daylight levels evaluated using Useful 
Daylight Illuminance was also achieved. Finally, analysis of the relationship between the 
illuminance level measured at the work plane and a ceiling illuminance sensor is performed to 
translate the real-world applicability of shading device controls. 
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5.1 Introduction 
Windows represent the source of nearly 2.15 Quads of heating energy consumption and 
1.48 Quads of cooling energy consumption in the U.S. buildings stock [1]. Studies have found 
that they also represent an energy saving potential of up to 1.2 Quads, if all windows in U.S. 
buildings were upgraded to better, commercially-available window technologies [1]. 
Windows, unlike opaque sections of a building facade, allow natural light and solar radiation 
to enter a building; this can have both positive and negative impacts on a building and its 
occupants. Natural light helps reduce the electric lighting needed to sufficiently illuminate a 
space, and thus lowers the need for electric lighting energy use. Solar heat gain also originates 
primarily from windows; among all influencing factors on building energy use, this is the most 
variable [2], and is also among the largest sources of heat gain. Solar heat gain lowers the 
heating requirement during the heating season (winter) but increases the cooling load 
requirements during the cooling season (summer). In addition to impacting building energy 
use, the amount of solar radiation and daylight entering an interior space also has an impact on 
occupant comfort and psychology [3,4]. While the availability of daylight improves occupants’ 
productivity and overall satisfaction [5], an excessive amount of sunlight also results in 
discomfort glare [6].  
To address occupants’ desire for windows, and potential positive and negative 
implications on heating, cooling and lighting, shading devices can be used in conjunction with 
windows for optimal control of solar radiation and natural light entering a building [7]. The 
challenge, however, is that most shading devices currently used today are manually controlled, 
meaning they are dependent on the occupants to adjust the shading devices. Studies have 
shown that this situation does not commonly result in shading devices being ideally positioned 
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to provide natural daylight but prevent undesired solar heat gains [8]. Therefore, a more 
automated solution to the control of shading devices is needed to fully take advantage of their 
benefits. The solution to this challenge is the use of shading devices that can be autonomously 
operated and adjusted, also called dynamic shading, which can react to the immediate 
conditions in the indoor and outdoor environment [8]. The use of dynamic shading enables 
some control of daylight and solar heat gain in a building [9], while also maintaining visual 
and thermal comfort of occupants [10]. There are different types of possible shading devices 
that can be used for dynamic shading applications. These are differentiated by their geometry, 
material properties and location of use in a building. Venetian blinds are one of the most 
common shading devices used in U.S. buildings [11]. They are popular because they are 
relatively inexpensive and can provide occupant privacy [12] as well as possess the capability 
to redirect natural light [13]. Venetian blinds can be controlled to vary angle and/or height, 
with angle variations being the most common among commercialized systems. In terms of 
material properties, the slats of venetian blinds may be opaque or have some degree of 
openness. 
Prior studies have used automated venetian blinds using a variety of different control 
strategies. However most studies are based strictly on simulation [3,13–23]. Some studies have 
used dynamic venetian blinds to control the solar heat gain from fenestrations [16,17,21]. In 
these strategies, the blinds were set either as closed, or automatically controlled such that the 
blinds cut off the direct sunlight from entering the space, referred to as cut-off angle control 
[3,13,15–19,24–26]. Other control strategies consider together, direct sunlight cut-off angles, 
lighting redirection, and glare (Daylight Glare Probability, (DGP)) simulation-based control 
[13]. Control based on indoor room air temperature, glare and HVAC energy use and/or 
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demand has also been performed using simulation in EnergyPlus [27] and DOE-2 [28]. Control 
based on occupancy, indoor temperature and direct sunlight reaching the space [3], with 
varying floor areas, window sizes and window parameters [22] has also been studied. Da Silva 
[14] performed a sensitivity analysis of different shading control strategies on overall energy 
demand utilizing EnergyPlus [27] and DAYSIM [29]. Control of split-blind systems [23], 
model-based predictive control (MPC) [30] and optimization of operation schedules of window 
blinds [31] are advanced studies using simulation to control venetian blinds. The challenge, 
however, is that the large majority of the above-discussed simulation-based studies are yet to 
be tested using full-scale experiments. Simulation-based studies demonstrate the potential for 
use of such control strategies for automated venetian blind controls. However, there are also 
many potential challenges with the implementation of some of the more complex and 
computationally expensive strategies, when applied in a real-world scenario.  These can only 
be addressed through full-scale testing and/or field implementation.  
In terms of experimental testing, comparatively fewer studies have been conducted, as 
summarized herein. In this relatively limited number of studies, most have focused on visual 
comfort evaluation [24,26], and some on lighting energy consumption [17,32], in terms of 
evaluation metrics. Galasiu [32] used different manual and automated control strategies to 
control venetian blinds, studying their performance using a photo-controlled lighting system 
and its impact on lighting energy savings. Zhang and Birru [19] used open loop control based 
on an external irradiation sensor to control the venetian blinds to a cut-off angle whenever 
direct sunlight was present. Karlsen and Heiselberg [26,33] used vertical illuminance, solar 
irradiance and cooling demand as criteria to control shading using a combination of external 
and internal venetian blinds. Carletti [25] controlled venetian blinds at four pre-determined 
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configurations based on external illuminance and temperature. Motamed et al. [34] performed 
on-the-fly measurements of daylight glare probability (DGP) using vision sensors to optimize 
blind shading position and electric lighting control. Goovaerts [35] controlled venetian blinds 
based on DGP using a low-cost camera. Y. Luo et al. [36] performed experimental testing to 
validate model of venetian blind that can calculate solar transmittance of the complex 
fenestration system under different scenarios. 
Research that has focused on lighting energy savings evaluation of the use of dynamic 
shading has found that the reduction in the use of electric lighting from improved use of natural 
daylight has a strong energy saving potential in commercial buildings [37].  Based on a meta-
analysis on 240 saving estimates from 88 papers and case studies, on average, 43% lighting 
energy savings can be achieved in commercial buildings from daylighting controls combined 
with occupancy-based control [38]. In this analysis, the energy savings obtained is based on 
using multiple different control strategies including daylighting control with occupancy control 
and personalized tuning; up to 28% average overall saving from daylighting controls alone was 
achieved. Lighting control is used to supplement electric lighting to maintain a setpoint of 500 
lux in many studies [39–43] and 300 lux in some others [44]. Most studies with lighting control 
have utilized continuous daylight dimming [31,43,45] while some have used on/off control 
[30,46] or stepped dimming control [39]. 
From the review of research focused on automated lighting and venetian blinds 
controls, experimental tests of dynamic venetian blind controls are more limited compared to 
simulation-based efforts, particularly when both lighting and shading controls are utilized. 
Studies combining visual comfort and lighting energy savings are also limited. There is also 
very little test data published along with these studies that could be used to simulation 
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validation purposes. In addition, nearly all experimental studies have focused on one 
orientation of testing, i.e. south [17,26,32] or south-east [19,47]. No other known experimental 
studies to date have focused on testing in other orientations or multiple orientations. 
Furthermore, the HVAC energy savings resulting from shading control applications has not 
been experimentally studied except in [33] where the heating and cooling energy use was 
measured for 6 days to compare with simulation without any baseline case measurement. 
Hence, in this research, a controlled, full-scale experimental study focusing on evaluation of 
the impact of the used of dynamically controlled venetian blinds and dimmable lighting on 
energy savings, daylighting, and occupant visual comfort (glare) is the focus of this study. 
Section 5.2 of this paper describes the method used for experimental testing and control 
strategy used for dynamic venetian blinds. In Section 5,3, the results and discussion from the 
experimental testing is presented, followed by conclusions in Section 5.4. 
5.2 Methodology 
Full–scale experimental testing of dynamic venetian blinds was conducted at the Iowa 
Energy Center’s Energy Resource Station (ERS), located in Iowa, in ASHRAE Climate Zone 
5A (cool-humid). The test facility is located at 41ᵒ N, 93.61ᵒ W at an elevation of 285.6 m. The 
building is aligned with true north, following an astronomical north baseline, such that the east-
facing facade is facing directly East. Experimental testing was performed from March 28th 
2017 to September 14th, 2017 using two different control strategies to operate venetian blinds 
in the Test Room setup described in Section 5.2.1. The testing period included experiment in 
the two shoulder seasons and a summer season. Energy savings, glare, and daylight availability 
performance was assessed. Testing focused on performance evaluation during two different 
seasons (spring, summer), and three different classifications of daily sky conditions (sunny, 
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cloudy, overcast), as defined by [48] where all the sky condition in the study with high quantity 
solar irradiation is classified as sunny, medium quantity as cloudy, and low quantity as 
overcast. 
5.2.1 Test rooms 
The ERS building has six exterior Test Rooms, two each in the East, South and West 
orientations, as shown in Figure 5-1. All the test rooms had a floor area of 24.7 m2 and a ceiling 
height of 2.56 m. Test Rooms in all the three orientations were utilized for full-scale testing, 
rotating the shading device across the orientations to test two control strategies used for 
dynamic control of venetian blinds and lighting control. Of the two parallel Test Rooms in 
each orientation, one (Test Room As) served as the baseline test case in which no shading 
device or lighting controls were used. The majority of past studies have used baseline case 
with no shading device [18,22,33,49] or a static shading device [15,32]. Moreover, [50] 
reported 60% of the windows and [51] reported 40% of windows to be unoccluded by blinds 
in office buildings, which suggest that a baseline case without any shade is appropriate. 
Similarly, for lighting most past studies have used either no lighting control [13,17,20] or 
manual lighting control [49,52] as the baseline case, thus the baseline case for this study was 
selected based on these past studies. The second parallel Test Room (Test Room Bs) used 
dynamic shading and continuous dimming lighting controls.  
98 
 
 
 
Figure 5-1 Test Room floor plan in the Energy Resource Station in Ames, IA  
(Note: north is to the right) 
 
5.2.2 Windows, shading and lighting devices 
The window area in each Test Room is 6.88 m2 including the frame and mullions, which 
makes up approximately 48% of the exterior facade area of each Test Room. These windows 
are located approximately 0.91 m above the finished floor height. In total, the window area in 
each Test Room measures 1.52 m in height by 4.51 m in width. The windows have 0.05 m 
wide aluminum frames with 0.05 m wide vertical mullions and no thermal break. Each room 
included four adjacent windows with three vertical mullions in total. Two different types of 
glazing were used for experimental testing. As it was cost- and time-prohibitive to adjust the 
window types throughout testing of different combinations, the choice of the placement of the 
glazing type, as shown in Table 5-1, allows for the comparison the performance of shading 
device when combined with different types of glazing as well as the impact the properties of 
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the glazing on energy savings and daylighting in perimeter spaces. The clear double glazing 
has a center of glass  visible transmittance (VT) of 0.81, U-value of 3.12 W/(m2K) and solar 
heat gain coefficient  of 0.74; the low-e double glazing has center of glass VT of 0.65, U-value 
of 1.36 W/(m2K) and solar heat gain coefficient of 0.24. 
Table 5-1 Glazing utilized for experimental testing 
Orientation Baseline Window (Test 
room A) 
Dynamic Shading Window (Test 
room B) 
East Clear Clear 
South Clear Low-e (Surface 2) 
West Low-e (Surface 2) Low-e (Surface 2) 
 
Venetian blinds consist of slats, which can rotate at different angles, from 90 degrees, 
fully closed in one direction, to 0 degrees which is fully open and horizontal, to -90 degrees 
which is fully closed in the other direction. The major characterizing factors of venetian blinds 
include the slat width (W), slat spacing (S), slat crown (zero in Figure 5-2a), and slat angle (β) 
as shown in Figure 5-2a.  
 
 
Figure 5-2 Venetian blinds (a) geometry and (b) and full-scale test setup 
 
The venetian blinds used for full-scale testing (Figure 5-2b) are beige in color, and 
made of aluminum. The slats are 0.05 m in width with a solar reflectance of 0.7 and emissivity 
(
a) 
(
b) 
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of 0.76 on both the front and back surfaces. Two sets of interior venetian blinds, each controlled 
using a commercial grade motor, were used in each Test Room B to cover the glazing surfaces. 
A commercial grade controller was used to send control commands to both motors 
simultaneously. The controller was integrated into a commercial grade direct digital control 
(DDC) building automation system (BAS) of the test facility following BACnet protocol [53]. 
The programming for the control algorithm was created in the graphical user interface (GUI) 
of the DDC system. Therefore, each of the Test Room Bs used one controller, sending 
commands to both sets of motors in that room. 
The lighting system in each Test Room consisted of six 0.6 m x 0.6 m recessed grid 
troffers. Each fixture contained three U-shaped T8 fluorescent tube lamps rated at 31 W. All 
Test Rooms had dimmable ballasts, and were all controlled simultaneously throughout testing 
in controlled test rooms (Test Room Bs), while the baseline test rooms (Test Room As), were 
not adjusted or dimmed. The electric lighting used 0 W when turned off and approximately 
540 W when fully on without any dimming. During the testing when dimmed to lowest level 
in the controlled test rooms, the lighting device power was approximately 240 W. When all six 
fixtures were switched fully on, approximately 750 ± 70 lux is provided by the fixtures to the 
work surface (0.76 m from the ground) in each Test Room at a distance of 2.5 m from the 
window along the centerline of the room. These lights are controllable through the BAS based 
on feedback from any connected sensor. The heat gain from the electric lighting is partially 
dissipated into the plenum space above the ceiling tile, and partially into the test rooms. The 
return air in the zones goes to the plenum. The return air duct entry is hung in the plenum 
space, such that the plenum air will directly go back to the AHU return air duct. 
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5.2.3 Occupancy and equipment schedule 
An occupancy and equipment schedule was utilized from 8 am – 6 pm each day, 
following a typical office building occupancy schedule [54,55] for all the days of the week. 
Cylindrical sheet metal androids were used to simulate occupant loads from 2 people at a rate 
of 73.3 W sensible and 58.6 W latent load per person. A computer workstation with an electric 
load of 88 W in active mode (occupied hours), and 5 W in stand-by mode (unoccupied hours) 
was utilized for equipment loads.  A temperature setpoint of 23.3°C was used for cooling 
throughout all Test Rooms. However, the HVAC, lighting and equipment was turned on from 
6:30 am to 9:30 pm to monitor a longer duration. The HVAC and lighting were turned off 
outside this time i.e. 9:30 pm to 6:30 am and computer was left in standby mode. 
5.2.4 Measurement equipment and data collection 
The DDC system was utilized for control, monitoring and recording of the data at a 1-
minute sampling interval. A range of interior and exterior sensors were utilized for testing, as 
listed in Table 5-2; the accuracy of these sensors is also provided. On the exterior, sky and 
ground light sensors and a pyranometer facing outward normal to the facade of each Test Room 
were used to measure illuminance and irradiation on each orientation. Weather data was also 
collected on site included global horizontal and direct normal irradiation, ambient temperature, 
relative humidity, wind direction and wind speed. Other variables recorded include interior 
temperature, humidity, air pressure, flow rate, illuminance level, irradiation, equipment status, 
power consumed by lighting and by HVAC system components. 
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Table 5-2 Accuracy of sensors utilized in full-scale experimental test setup 
Variable Unit Accuracy 
Temperature ˚C ± 0.14˚C  
Relative humidity % RH ± 2% 
Global horizontal irradiation W/m2 ± 0.5 % 
Irradiance W/m2 ± 3 % 
Solar beam intensity W/m2 ± 0.5 % 
Power W ± 0.2 % 
Water flow rate m3/s  ± 0.25 % 
Air flow rate m3/s ± 2% 
Air pressure Mbar ± 0.25 % 
Illuminance  Lux ± 5 % 
5.2.5 Illuminance measurements 
Five photosensors were used to monitor daylight levels throughout testing in each of 
the six Test Rooms. All sensors were placed along the centerline of each room, at the height 
from the floor and distance from the window given in Table 5-3. In total, per Test Room, the 
illuminance sensors include three work plane illuminance sensors facing the ceiling located at 
the height of the work plane, similar to other studies (e.g. [56,57]), and a sensor measuring 
vertical illuminance facing the exterior window at the eye height of occupants, consistent with 
other dynamic shading studies (e.g. [40,58]). These illuminance sensors were utilized for both 
data collection and shading control strategy input and feedback, the details of which are 
provided in Section 5.2.7 for each of the control strategies. 
Table 5-3 Position of interior illuminance sensors in the Test Rooms 
Sensor type Height from floor Distance from exterior window 
Work plane illuminance  0.76 m 1 m, 2.5 m, 4 m 
Vertical illuminance  1.2 m 3 m 
Ceiling illuminance 2.56 m 2.86 m 
 
The work plane illuminance sensors were used to evaluate the lighting level on the 
work plane surface, which is important for assessment of daylight distribution across the room. 
The vertical illuminance value was used to determine the simplified daylight glare probability 
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(DGPs) [59], which is calculated based on vertical illuminance (𝐸𝑣) at occupant eye height, 
based on the empirical Equation 1:    
𝐷𝐺𝑃𝑠 = 6.22 ∗ 10−5 ∗ 𝐸𝑣 + 0.184 (1) 
5.2.6 HVAC system 
Two separate HVAC systems served Test Room As and Test Room Bs. The primary 
system for cooling was air-cooled liquid chillers. Two different air handling units (AHUs), 
AHU-A and AHU-B, were utilized to provide supply air for cooling. AHU-A supplied 
conditioned air to Test Room As and AHU-B to Test Room Bs. Each of the Test Rooms had a 
variable air volume (VAV) terminal unit to control the amount of supply air required to 
maintain the setpoint temperature in each room. These VAV boxes provided cooling to the 
Test Rooms through two supply air diffusers per room. One return air grille also served each 
room utilizing an automatic return air damper, controlling the volume of return air to maintain 
the predetermined room pressurization.  
5.2.7 Shading and lighting control strategies 
Both the shading device and dimmable lighting in the controlled Test Room utilized 
daylight-linked controls. Two control strategies (CS1, CS2) were used, which are described as 
follows.  
5.2.7.1 Control Strategy 1 
The objective of Control Strategy 1 (CS1) was to harvest the optimum amount of 
daylight while minimizing discomfort glare to the occupant. To achieve this objective the 
venetian blinds slats are rotated to a cut-off angle to prevent direct sunlight whenever external 
vertical irradiation is at or above a threshold of 150 W/m2. The blinds are further rotated if the 
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criteria for visual comfort, i.e. glare, (1830 ± 110 lux) is not satisfied considering a vertical 
illuminance level of approximately 2700 lux corresponds to a simplified Daylight Glare 
Probability (DGPs) value of 0.35 [59]. A lower value is taken based on studies that suggest to 
take a lower value than 2700 lux for maintaining visual comfort [24]. A PI loop was used to 
maintain the vertical illuminance level by modulating the blind angle. Finally, electric lighting 
is then dimmed to maintain an interior work plane illuminance of 500 lux, at the work plane 
illuminance sensor located 2.5 m from the window at a height of 0.76 m from the floor. The 
flow chart for CS1 is shown in Figure 5-3. 
 
Figure 5-3 Control Strategy 1 (CS1) flow chart  
(Note: Blinds are modulated to meet vertical illuminance of 1830 lux, 3 m  from the window; 0 % of slat angle is 
fully open position and 100 % is fully closed) 
 
5.2.7.2 Control Strategy 2 
This control strategy (CS2) is a modification of lighting redirection control [13] where 
the control strategy was used to redirect the light to deeper in an interior space and prevent the 
discomfort glare that might occur during high solar angles from second reflections as well as 
Arbitrary 
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Modulate 
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True False
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105 
 
 
when blinds are rotated to negative cut-off angles. This control strategy was also chosen with 
the objective of harvesting an adequate amount of daylight without causing discomfort glare. 
However, when the solar irradiation on the exterior facade was greater than 150 W/m2 the blind 
angles were controlled based on solar position only and did not use any feedback from the 
interior sensors as in case of CS1. The flow chart for CS2 is shown in Figure 5-4. In the figure, 
B_cut_off  is the cut-off angle [60] and B_design is the design blind rotation angle for lighting 
direction as described in [13]. The lighting devices were controlled using dimmable ballast 
based on feedback from the WPI sensor located 2.5 m from the window at 0.76 m from the 
floor. 
 
Figure 5-4 Control Strategy 2 (CS2) flow chart 
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5.2.8 Energy consumption, daylighting and visual comfort evaluation 
Cooling energy: For the HVAC system energy consumption, the cooling energy 
consumed in each room is computed as the rate at which heat is extracted from the room to 
maintain the setpoint. This represents the net HVAC load in each of the test rooms because of 
the period of the testing and the duration of occupancy taken from 8 am to 6 pm for an office 
building. This is calculated following [61], using, room air temperature (Tr), VAV box air flow 
rate (V), supply air temperature (T), supply air relative humidity (RH), room setpoint 
temperature (Tset), and barometric pressure (P). The heat extracted from the room is given by 
the amount of cooling energy supplied to the room, using Equation 3. 
𝑄 = 𝑚𝐶𝑝𝑑𝑇 (3) 
Here, the m denotes the mass flow rate of the supply air, Cp is the specific heat capacity 
of supply air and dT is temperature difference between the room air (Tr) and the supply air (Ts). 
The daily cooling energy consumption is then determined by adding the values at each 
sampling interval together into daily intervals. 
Lighting energy: The data for electrical energy consumed by light fixtures in each room 
was collected and summed for calculation of daily lighting energy consumption. 
Discomfort glare: Discomfort glare is assessed using simplified Daylight Glare 
Probability (DGPs) since this metric enables the ability to assess glare with one measurement 
of vertical illuminance at eye level. DGPs was calculated from measured values of vertical 
illuminance using Equation 1. 
Daylighting: Three different work plane illuminance sensors were used to monitor the 
daylight distribution (see Section 5.2.5). The daylighting condition at each of the sensor was 
evaluated using Useful Daylight Illuminance (UDI) [62] as the metric for daylighting 
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evaluation. This metric divides the daylight level into three bins, including 0-100 lux (UDI 
fell-short), 100-2000 lux (UDI achieved) and greater than 2000 lux (UDI exceeded). When 
illuminance lies in the UDI fell-short bin, the daylight is considered insufficient for providing 
a significant contribution as a source of illumination. When it is higher than 2000 lux, the 
illuminance is likely to cause visual discomfort. Illuminance in the range of 100-2000 lux is 
considered to be useful to light the space as either the sole source of illumination or when 
utilized with artificial lighting [62]. In this study, UDI achieved is further divided following 
the method used in [63], where the bin ranging from 100-2000 lux is divided into three bins: 
100-500 lux, 500-1000 lux and 1000-2000 lux. Thus, daylight illuminance was divided into a 
total of 5 bins. 
5.3 Results and Discussion 
Results from full-scale testing are broadly divided into three sections, including 
evaluation of the impacts of the use of the dynamic shading and lighting controls on (a) energy 
use, (b) discomfort glare and (c) daylight distribution. There are many factors assessed in this 
study that impact the results of (a)-(c). In this section the experimental data results are assessed 
to understand the impact of these factors, such as control strategy, orientation, and exterior 
environmental conditions (i.e. temperature and solar irradiation incident on the facade). 
Considering the duration of testing, there were several days in which some issues occurred 
during the testing, such as a lighting fixture not working properly or an HVAC system 
operation malfunction. The data for such days with known issues were not included in this 
analysis. The data were also further quality controlled to ensure consistency of room 
temperature of with the setpoint temperature; similarly, anomalous data was not included in 
108 
 
 
the analysis. All results presented are for the periods where the test spaces were simulated to 
be occupied, from 8 am to 6 pm. 
5.3.1 Energy savings 
Lighting and HVAC cooling energy savings obtained are summarized for the two 
control strategies for the East, South and West orientations with different combinations of 
glazing types. Different types of glazing in various orientations are provided in Table 5-1. The 
energy savings is calculated as the difference of energy consumption between the controlled 
Test Room (Test Room Bs) and the energy consumption of the baseline case (Test Room As) 
both for cooling and lighting for each day of testing. The energy savings achieved from the 
integrated dynamic shading and lighting controls are shown in Figure 5-5. Both sets of results 
are reported in both absolute (kWh) and relative (%) terms. In particular, the lighting energy 
savings (kWh) is dependent on the type of lighting, and its efficiency, used in the test facility, 
whereas this is less the case in the reported percent savings. An average daily energy savings 
of 2.55 kWh for cooling and 2.54 kWh for lighting was observed. In terms of percentage energy 
savings, this translates to an average of 25.4% cooling energy savings and 48.5 % lighting 
energy savings relative to the baseline.  The lighting energy savings is comparable 
experimental studies with reported savings of 50-60% in South facing conditions at 3.35 m 
from the window in [64] and 45% saving obtained with combination of lighting and occupancy 
sensor from a field study in [65]. The cooling energy savings is lower than the simulation based 
savings resulting in over 60 % savings [3]. 
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Figure 5-5 Energy Savings: absoute (kWh) (a) lighting and (b) cooling energy savings, and relative (%) (c) 
lighting and (d) cooling energy savings 
 
5.3.1.1 Lighting energy savings 
The lighting energy savings, as compared to cooling energy savings, is more consistent 
across all testing scenarios, despite the same variability in the influencing variables, including 
orientation, control strategies and period of testing. Across the three orientations, on average, 
lighting energy savings was slightly higher in the South at 2.7 kWh, followed by 2.55 kWh in 
the East and 2.3 kWh in the West. However, the lighting energy savings did not vary 
significantly across these orientations, with averages of 48, 51 and 45 % savings for the East, 
South and West orientations respectively. Despite the difference in glazing, the shading device 
rotates to different positions to maintain the illuminance level at the sensor based on which it 
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is controlled. While the lighting power density (LPD) in each of the test rooms was 
approximately 22 W/m2 which is higher than the LPD recommended by ASHRAE 90.1 [66] 
12 W/m2, the relative energy savings can be approximately translated to situations where 
lighting devices with higher efficiency and thus lower LPD are used. The absolute savings will 
decrease with a more efficient system; however, the percentage savings will likely be 
approximately the same. 
 
5.3.1.2 Cooling energy savings 
Unlike lighting energy savings, the cooling energy savings varied more across the test 
scenarios. The energy savings was highest in the South orientation at an average of 3.9 kWh 
per day (39.7%), due to the influence of both differential glazing and the dynamic shading and 
lighting, followed by the East which had clear glazing at an average of 2.8 kWh (25.6%), and 
lowest in the West which had low-e glazing, at an average of 0.49 kWh (7.7%). These results 
are generally expected, and can be attributed, in part, to the type of glazing installed across six 
different rooms. In the East both Test Rooms utilized clear glazing hence the cooling energy 
savings comes from reduced solar gain from the use of venetian blinds as well as reduced 
internal heat gain by dimming the lighting fixtures. For the West orientation, the reduction in 
solar gain is lower because the baseline test rooms utilize low-e glazing, which reduced the 
amount of solar gains significantly compared to the clear glazing. This was also seen in the 
normalization test day results. 
Since both the glazing type and the dynamic shading and lighting impacted the South 
orientation’s savings results, in order to assess the relative impact of glazing type (low-e versus 
clear glazing), differentiated from orientation and other influencing variables, normalization 
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testing was also conducted throughout the testing period in all Test Rooms. During this testing, 
all Test Rooms in all orientations were operated under the same conditions, i.e. no shading or 
lighting controls were used during these times. The results of this normalization testing are 
shown in Figure 5-6, which plots the hourly cooling energy consumption of Test Room As and 
Bs. The figure shows the scatter plot of hourly energy consumed by Test Room Bs versus Test 
Room As, for normalization days in row 1, venetian blinds testing in row 2 and time series of 
energy consumption of two test rooms during normalization testing for three different 
orientations between 8 am to 6 pm. These results show that for the East and West orientation, 
the consumption in Test Room As and Bs have strong agreement, as expected, given the 
identical glazing used in the two sets of Test Rooms. For the South orientation, the relationship 
between the hourly cooling energy consumption in Test Room A (clear glazing) and Test 
Room B (low-e glazing) is approximately 3:1 due to the different glazing used in the two test 
rooms in this orientation. The remaining energy saving beyond this ratio is due to other factors, 
specifically the use of venetian blinds and lighting controls. These results show that the use of 
venetian blinds and lighting controls enables more energy savings compared to normalization 
testing when used with clear glazing (East orientation) and when used with low-e glazing 
(South and West orientation). While considering the impact of both glazing type and shading 
device, the South orientation has the highest energy savings both during normalization and 
dynamic shading testing because of difference in glazing type. 
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Figure 5-6 Hourly cooling energy consumption for Test Room As and Test Room Bs  
(Note: Norm: normailziation testing period results; VB: results for testing period using dynamic venetian blinds; 
the black line is a 1:1 reference line, red and green lines are trend lines, A: Room A, B: Room B, scatter plot in 
1st two rows and time series in third ) 
 
Impact of orientation and glazing: The cooling energy savings was highest in the South 
orientation, followed by the East, and lowest in the West, across all test days. This is in part 
due to the differences in glazing used in the different orientations and Test Rooms. In East, 
both the Test Rooms utilized clear glazing, hence the cooling energy savings comes from 
reduced solar gain from the use of venetian blinds as well as reduced internal heat gain by 
dimming the lighting fixtures. In the West orientation, the reduction in solar gain is lower 
because the baseline Test Rooms utilize low-e glazing, which reduced the amount of solar gain 
compared to the clear glazing (as seen in the results for the normalization test days). 
Impact of Control Strategy: In the East and West orientation, the average cooling 
energy savings is higher while using CS1, while in the South orientation, the cooling energy 
savings is higher while using CS2, as shown in Table 5-4. Apart from cooling energy savings, 
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the number of days of testing for each combination of control strategy, sky conditions and 
orientation are provided in Table 5-4. The total number of days of testing is provided since 
they are different for different cases. These number of days also applies to the results in Figures 
4-5 and 4-7. The total number of days for all the sky conditions is also shown in Table 5-4. 
The number of days for daylighting and glare differs from the presented energy results; this is 
discussed in Section 5.3.2. Considering cooling energy savings regardless of the orientation 
and sky conditions, an average daily energy savings of 1.93 kWh was obtained using CS2 and 
1.62 kWh using CS1. It should be noted that the “N/A” values noted in Table 5-4 are due to 
the lack of sufficient data collected in this combination of conditions. In particular, there were 
a limited number of overcast conditions that occurred over several of the testing periods, 
limiting the reporting of these results.  
 
Table 5-4 Average daily cooling energy savings (kWh) for venetian blinds and number of days of testing  
CS Sky Condition 
Cooling energy savings (kWh) Days of testing 
East South West East South West 
CS1 
Cloudy 3.43 3.85 0.64 11 4 7 
Overcast 1.58 N/A 0.57 3 0 1 
Sunny 4.10 3.71 0.87 5 11 2 
Total   19 15 10 
CS2 
Cloudy 2.26 4.16 0.52 9 10 8 
Overcast 1.18 N/A N/A 2 0 0 
Sunny 2.65 3.86 0.38 8 9 7 
Total  19 19 15 
(Note: CS = control strategy) 
Impact of sky conditions: The cooling energy savings are lower under overcast sky 
conditions compared to the sunny and cloudy sky conditions (Figure 5-7). Here, the difference 
in energy savings between the overcast and other sky conditions is higher in the East 
orientation compared to the West orientation. The average energy savings for combinations of 
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all variables is provided in Table 5-4. In terms of relative cooling energy savings, the South 
orientation has the highest savings, with energy savings greater than 50% for some days, while 
the West orientation has lowers savings with an energy savings less of than 20% for all the 
days of the testing. Overall, the average daily cooling energy savings of 2.6 kWh was recorded 
during sunny sky conditions, 2.56 kWh during cloudy sky conditions and 2.12 kWh during 
overcast sky conditions.  
 
Figure 5-7 Cooling energy savings for different sky condition (using two different control strategies across three 
orienations (a) absolute savings (b) relative savings) 
 
Variability in energy savings results: In comparing cooling and lighting energy savings 
for venetian blinds, cooling energy savings had higher variability, with a standard deviation of 
1.83 kWh compared to 0.38 kWh in case of lighting energy savings. Greater variability in 
cooling energy savings was observed in the South orientation with a standard deviation of 1.56 
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kWh followed by 1.33 kWh in the East orientation and 0.34 kWh in the West orientation. The 
West energy savings is less variable than in the East because the West Test Room A and Test 
Room B both have low-e glazing rather than clear glazing. 
5.3.2 Discomfort glare 
Discomfort glare (Figure 5-8) was within the imperceptible range in Test Room Bs 
more than 85% of the time while using venetian blinds across all testing scenarios. The number 
of days for which the results are provided for glare and daylighting is different from the 
presented energy savings results due to an error during experimental testing in the cooling 
setpoint temperature from 04.26.2017 to 05.10.2017. The number of days of testing for glare 
and daylighting are provided in Table 5-5. In the East and West orientation where the solar 
irradiation fell at lower angles during the morning and evening hours, respectively, the 
probability of discomfort glare was higher compared to the South orientation. While, 
comparing the two control strategies, there was a higher probability of glare when using CS2 
which does not utilize any feedback from the interior sensor when external vertical irradiation 
is above 150 W/m2. This is unlike CS1 which utilized feedback from vertical illuminance 
sensor to modulate the blind angles. This suggests that use of some feedback from an interior 
sensor(s) would help to provide better performance in terms of visual comfort compared to the 
lighting redirection control strategy used. 
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Figure 5-8 DGPs level for different orientations and control strategies 
 
Table 5-5 Number of days of testing for glare and daylight for 3 orientations, 2 control strategies and 3 sky 
conditions 
Orientation Control Strategy Cloudy Overcast Sunny Total 
East 
CS1 11 4 5 20 
CS2 9 3 8 20 
South 
CS1 4 2 11 17 
CS2 9 2 9 20 
West 
CS1 7 1 3 11 
CS2 9 2 13 24 
 
5.3.3 Daylight distribution 
Daylighting was evaluated using UDI, as discussed in Section 5.2.8. Figure 5-9 shows 
that there is a significant period of time where excessive illuminance (> 2000 lux) is 
experienced in Test Room As (baseline) at the sensors 1 m and 2.5 m from the window. These 
periods of excessive illuminance have been reduced significantly from the use of the dynamic 
shading device in the Test Room Bs. CS1, as compared to CS2, performed better in reducing 
excessive illuminance in the South and West orientations. CS1 and CS2 performance was 
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similar in the East orientation. While in the East and West orientation the excessive illuminance 
in the controlled test room (Test Room B) is reduced from the use of a shading device 
compared to the baseline case (Test Room A), the reduction in the South orientation is the 
result of the control algorithm and reduced VT of the glass. Comparing the results from 
different distances from the window, the illuminance was highest nearest to the window and 
lowest at the sensor farther away from the window. It also observed that farther from window, 
the useful illuminance was reduced somewhat. For example, the period where illuminance was 
less than 100 lux increased at 4 m from the window from the use of dynamic shading. This 
demonstrates that a balance must be sought to reduce the excessive illuminance near the 
window while not reducing the illuminance level such that farther from the window, the level 
is too low and thus will require more lighting energy. In addition, grouped stage lighting, i.e. 
lighting at different distances from window is controlled in different groups, could be used in 
rooms with greater depths from exterior windows, since there are varying levels of illuminance 
according to the distance from the exterior windows. 
 
Figure 5-9 UDI level at different distances from the window (for two different control strategies: the left bar (A) 
is for the baseline testroom and the right bar (B) is for the controlled test room) 
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5.3.4 Illuminance correlation 
In this study work plane illuminance levels were measured at the work plane and at eye 
height. However, in a real-world scenario in an occupied building, illuminance sensors used to 
control dynamic shading are likely to be placed on the ceiling of a room to limit impacts to or 
interference from occupants. As such, in an effort to relate the results of this work to a real-
world scenario, the relationship is assessed between the measured interior work plane and 
vertical illuminance in the test rooms and the installed ceiling illuminance sensors. This 
provides a basis for the applicability of the control strategies and next steps that could be taken 
for the implementation of lighting and/or shading control in occupied buildings. Figure 5-10 
provides the correlation between the interior illuminance sensors installed in the test rooms 
based on 1-minute data. The Figure shows a correlation matrix, which is a symmetric matrix, 
where ijth element of upper triangular portion of the matrix shows correlation between ith row 
and jth column variable. Similarly, lower triangular matrix shows the elliptical representation 
of correlation between ith row and jth column. The diagonal element provides the variances of 
iith variable. 
 
Figure 5-10 Correlation matrix for illuminance sensors 
Note: three work plane illuminance sensors (WPI) at 1, 2.5 and 4 m from the window, a vertical illuminance 
sensor (VI) and a ceiling illuminance sensor (CI) 
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For all orientations the correlation is higher than 0.8 between the ceiling illuminance 
and both work plane illuminance 2.5 m and 4 m from the window and the vertical illuminance 
3 m from the window. This correlation is lower for the work plane illuminance at 1 m from the 
window. The correlation between the work plane illuminance and ceiling illuminance are 
useful particularly when the control of the shading or lighting should be performed based on 
the illuminance at the ceiling illuminance sensor.  Figure 5-11 shows the scatter plot comparing 
the ceiling illuminance levels to the three work plane illuminance, and a vertical illuminance 
values taking data at a 1-minute interval. 
 
Figure 5-11 Scatter plot for comparing WPI and VI levels to CI  
(Note: the red dashed lines indicate 2000 lux threshold for different WPI sensors and VI sensor on the X-axis and 
corresponding ceiling illuminance on the Y-axis to keep WPI and VI illuminance sensor under 2000 lux for the 
majority of the time)  
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Based on the threshold level for visual comfort criteria using work plane illuminance 
or vertical illuminance as the metric or the minimum amount of illuminance required to light 
the tested space, the corresponding threshold level for measured ceiling illuminance value can 
be chosen for control the shading and/or lighting device. Figure 5-11 shows that if the ceiling 
illuminance is kept under 150 lux then the work plane illuminance and vertical illuminance at 
2.5 m and 4 m from the window remains below 2000 lux at all times. This is similar to vertical 
illuminance which stays below 2000 lux at a ceiling illuminance below 150 lux. There is a very 
small portion of time when the work plane illuminance is higher than 2000 lux at sensor 1 m 
from window in the East and West orientations. These correlations show that based on the 
relationship between work plane and/or vertical illuminance and the ceiling illuminance, a 
ceiling sensor can be used to control a shading and/or lighting device to maintain work plane 
illuminance within the desired threshold. These relationships between different illuminance 
levels can be obtained using different daylighting modeling tools based on which appropriate 
value of ceiling illuminance is chosen. 
5.4 Conclusions 
Full-scale experimental testing of integrated dynamic venetian blinds and lighting 
control was performed using two different control strategies while utilizing combinations of 
two different types of glazing in three different orientations (East, West and South). The 
performance of dynamic venetian blinds was assessed for energy savings, occupant visual 
comfort (glare) and daylight availability. Finally, correlations between illuminance sensors 
were used to enable the control of shading devices using a centrally located ceiling illuminance 
sensor.  
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Based on the use of this integrated system, an average daily energy savings of 2.55 
kWh for cooling and 2.54 kWh for lighting was achieved, translating to an average of 25.4% 
cooling energy savings and 48.5 % lighting energy savings respectively. The variability in 
cooling energy savings was significantly higher compared to lighting energy savings. The 
impact of glazing was negligible for lighting energy savings and more significant for cooling 
energy savings. Similar levels of lighting energy savings were observed for the three 
orientations with different combinations of glazing type; significant differences in cooling 
energy savings were observed. 
Throughout testing, glare was maintained at imperceptible levels more than 85% of the 
time from the use of dynamic venetian blinds combined with lighting controls. The probability 
of visual discomfort due to glare was higher in the East and West orientation due to the 
occurrence of direct sunlight at lower solar angles which reached the facade during morning 
and evening hours respectively. In addition, the control strategy utilizing feedback from the 
interior illuminance sensor (CS1) performed better in terms of preventing visual discomfort 
compared to the control strategy which set the blind angles based solely on solar tracking 
(CS2). This suggests that closed-loop control would be more effective to maintain a 
comfortable indoor environment while using dynamic venetian blinds. 
In terms of daylighting, reduction in excessive illuminance was observed near the 
windows increasing the percentage of time when daylight lies within useful range of UDI. 
Farthest from the window, a slight reduction was observed in the level of useful illuminance. 
This suggests that the control of lighting in stages based on the distance from window would 
likely be beneficial, particularly in large spaces. The level of lighting energy savings might 
also come from the fact that lighting in the baseline room when fully on, provided 750 lux 
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which was 250 lux higher than the highest lighting level which was required in the controlled 
test room based on the implemented control strategies. Another factor which may impact the 
lighting energy savings results is that the lighting consumed 40% of the maximum power when 
dimmed to lowest level. As such, if a lighting device was used that could have been dimmed 
to a lower level, such as 10%, it could have achieved a higher level of lighting energy savings. 
Finally, the correlation between the work plane and vertical illuminance levels with 
ceiling illuminance levels demonstrates that the corresponding appropriate level of ceiling 
illuminance can be selected to limit the work plane or vertical illuminance below a certain 
threshold. This threshold can be selected based on different metrics that are used to evaluate 
the level of visual comfort the occupants experience under different lighting scenarios. 
Simulation can also be used to find the appropriate correlation between these illuminance 
levels since multiple illuminance sensor measurements would not be generally available in real 
buildings. 
There are several limitations associated with this study. First, this study does not 
consider the impact of occupant interaction with integrated dynamic shading and light control. 
Thus, a situation when the occupants would prefer to manually override the automated shading 
and/or lighting device is not captured. A second limitation is that the energy consumption for 
cooling is evaluated at a zone level based on the energy consumed at VAV terminal unit. As 
such, the impact of different systems that could be used to supply the air conditioning and the 
efficiency of different equipment as well as the impact of control strategies used for this 
equipment are not accounted for. Hence, future studies that evaluate the energy savings at the 
system level that could be translated to a utility level energy savings would enable further 
understanding of the potential of dynamic shading for energy savings. Another limitation of 
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this study is that the impact on heating energy from venetian blinds was not experimentally 
evaluated, since testing was conducted in the cooling and shoulder seasons only. Future work 
includes further experimental testing in the heating season, and annual building energy 
simulation evaluation across all seasons. This study focused on the impact of dynamic shading 
on energy savings and daylight harvesting potential while maintaining occupant’s visual 
comfort. The control strategies tested can be utilized in different types of buildings to evaluate 
their performance for an array of different buildings. The data collected from the full-scale 
testing can also be utilized for evaluating the performance of daylighting or energy use and the 
uncertainties that comes with such models compared to a real-world scenario. Other control 
strategies and shading devices should also be tested further to determine the best potential of 
shading device for energy savings and occupant comfort for any given situation. 
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CHAPTER 6. CALIBRATION OF ENERGY SIMULATION USING OPTIMIZATION FOR 
BUILDINGS WITH DYNAMIC FENESTRATION SYSTEMS 
Niraj Kunwar, Kristen S. Cetin and Ulrike Passe (In Preparation, for submission to Energy 
and Buildings) 
Abstract 
Computer simulation is widely used for the prediction of building energy consumption 
and daylighting in commercial buildings. Such simulations are performed to evaluate the 
design of new buildings or to predict the benefits of various retrofits to the building’s 
performance. However, there are uncertainties in the result from such simulations, with higher 
uncertainty if the model used is not validated empirically. This study discusses on the co-
simulation of daylight and energy modeling for a case of dynamic shading and their 
comparison to measured data. The Generalized Pattern Search algorithm is used to minimize 
the root mean square error between measured and simulated data to perform the calibration of 
the energy model while adjusting the building envelope material properties. Next, three 
different modeling methods available for modeling windows and shading devices in 
EnergyPlus were used to model dynamic shading, the results of which were compared to 
measured data. The results show that the simple layered model for the window performed 
better than other two models, when compared to the experimental data. It also showed that part 
of the difference between the model and experimental data originates from sky model 
calculations and ground reflectance inputs.  
6.1 Introduction 
The increasing complexity of building systems and advent and growth of high 
performance computing capabilities has increased the use of computer simulation programs 
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for the prediction of building energy consumption [1]. Despite the increase in number of 
building energy modeling and simulation software and modeling capacities, the accuracy of 
prediction using building energy simulation software has been a concern in the built 
environment sector. In case of retrofitting building, hybrid models utilizing measured data 
integrated with computer simulation can be used to address this concern [2]. This method of 
model creation is facilitated by the availability of substantial amounts of data from smart 
sensors, building automation systems, and/or building energy management systems.  
Currently, the validation of building energy consumption models is generally 
performed by comparing the result from simulation models with whole-building or system-
level utility data [3,4]. While, comparison with such data may provide decent results when 
averaged over a period of time, the heat transfer dynamics in a building and its systems may 
not be captured in the models with utility data-based calibration. Capturing the building 
dynamics correctly is important for better prediction of building energy consumption, 
particularly when model predictions must be extrapolated outside of the initial bounds of 
outdoor weather conditions upon which the model was built. Moreover, short-term building 
dynamics and their impact on system operation would be of interest in the field of building 
integration when Demand Side Management (DSM) of HVAC components are being studied 
for operations such as grid balancing and peak shaving. These factors will be more important 
moving forward. As more electricity is supplied by renewable energy sources such as wind 
and solar, this also means the production of such resources is more uncertain and variable 
compared to the conventional, base load producing fossil fuel-fired power plants.  
Assessing the accuracy of building energy model predictions is also needed to provide 
further evidence of model effectiveness to both building professionals and consumers who 
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might be wary of building energy simulation software. Various efforts have been completed to 
calibrate building energy models, as well as to address uncertainties [5,6]. Uncertainty and 
sensitivity analysis of building energy simulation has been performed using various 
parameters, including U-value, weather variables, infiltration, cooling and heating setpoint, 
among others [5]. Bayesian calibration of normative building energy models was performed 
and uncertainties associated were estimated using probabilistic predictions of retrofit 
performance [6]. A study was conducted on the influence of weather data on the energy 
demand of an office building [7]. For modeling retrofits of existing buildings, one method used 
to improve prediction accuracy is the use of hybrid models utilizing measured data integrated 
with computer simulation [2]. This method of model creation is facilitated by utilizing 
significant building performance and energy data from various sources, such as smart sensors, 
Building Energy Management (BEM) and/or Building Automation System (BAS) tools and 
capabilities. Another method includes multi-zone calibration using optimization using a 
genetic algorithm [8]. In this approach, a hybrid model is created, where the space conditioning 
is turned off during the period of calibration or uncertainty analysis (performed during a free-
floating period). During this time, the simulated energy should be zero for the model to be 
calibrated. The simultaneous calibration and parameter ranking method for building energy 
models found that the cooling plant COP is the most important factor for model calibration 
using monthly electricity data [9]. The calibration of a variable refrigerant flow system 
modeled in EnergyPlus was performed for occupancy emulated small office building [10]. 
While, calibrating the total energy use is beneficial it is also important to analyze models of 
different components of building energy simulation software for validating their accuracy. In 
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this paper, we focus on the models available for window and shading devices to evaluate their 
performance against the measured data using total energy demand as the metric for evaluation. 
In total, it is estimated that 34% of heating and cooling energy in U.S. commercial 
buildings is due to the presence of windows [11]. As such, significant research is directed 
towards the improvement of the efficiency of windows and shading systems. Experimental 
studies have shown that shading systems integrated with lighting controls have a potential of 
more than 30% energy consumption savings in commercial office spaces [12,13]. Simulation 
studies have also shown that solar shades can reduce cooling energy savings up to 50% [14]. 
Hence, for these systems, daylight and visual comfort prediction is also important in predicting 
the impact of different designs on buildings. However, there are currently significant 
limitations in the abilities of energy simulation software packages in predicting lighting and 
daylight parameters. For accurate prediction of daylight, daylight simulation software such as 
Radiance [15] and DAYSIM [16] can be used, the results of which can be integrated into 
energy simulation software to evaluate the holistic impact of different daylighting systems on 
both daylighting and energy consumption [17]. Different studies have focused on thermal 
characterization of thermal behavior of different types of shading devices [18–20]. While some 
studies have addressed the validation of simulation results against measured data for 
daylighting using dynamic shading, the validation of results from energy models is lacking 
[21]. In addition, the analysis of performance of different models of solar shades available in 
widely used energy simulation software like EnergyPlus [22] is limited. 
This paper addresses the existing gap through the development and validation of 
daylighting and EnergyPlus-simulated energy demands of an office environment with dynamic 
roller shades and lighting, using controlled laboratory experimental data. The methods include 
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the initial development of the model, then the optimization of the material properties used in 
the energy model for the baseline case (no shading device) to calibrate this model against the 
measured data. Next, shading models are added to the baseline model together with 
daylighting-based lighting control and a comparison is made between three different modeling 
methods for roller shades available in EnergyPlus. A comparison of daylight modeling is also 
made with a DAYSIM daylight simulation model. In the results section, to assess the difference 
between the measured data and simulation model results, a two-step approach is taken for both 
the daylighting and energy model. First, the baseline model is compared with measured data 
for both models, then in the second step, the performance of the model using the shading device 
is compared. Finally, the potential sources of differences between the simulation model and 
field data are discussed. This research concludes with discussion, conclusions and future work. 
The results of this work aids researchers and engineers in choosing amongst different modeling 
methods for windows and attachments available in EnergyPlus. The results also show that, 
choosing one modeling method versus another can have a significant impact on the predicted 
in energy consumption of building from the energy simulation model.  
6.2 Methodology 
This section discusses the development of the energy simulation and daylight models 
for a perimeter office space, the descriptions of which are divided into two subsections. Energy 
simulation is performed using the whole building energy simulation engine EnergyPlus [22]. 
Daylight simulation is performed using the daylight simulation software packages DIVA4-
RHINO [23] and DAYSIM [16]. While EnergyPlus has some built-in daylight simulation 
capabilities, as well as some capabilities to model shading devices in different states, these are 
limited. Custom features to address the complexities of the shading system and its controls 
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were required to be added in the simulation in order to attain the desired output which 
paralleled the full-scale testing setup and associated results. The details of full-scale testing 
which was conducted for a period of approximately 7 months are briefly discussed in the 
following sub-section, and can be found in more detail in [12]. First, in EnergyPlus, a vertical 
illuminance sensor cannot be used. Hence, if a control strategy is based on vertical illuminance, 
as is the case in this effort, then the control algorithm cannot be directly implemented in 
EnergyPlus alone. Second, in EnergyPlus, open loop control of a shading device is possible. 
However closed loop control that is controlled based on feedback from interior illuminance 
values is not currently possible. Since several of the control strategies utilized in this project 
were based in part on the vertical illuminance values measured in the interior of the room, in 
these cases, DAYSIM was used to control the shading device based on feedback from vertical 
illuminance; output from DAYSIM was used as input in EnergyPlus to determine the shade 
status and lighting dimming. 
6.2.1 Laboratory testing data and test rooms: 
The laboratory testing data collected and used for this research includes energy 
consumption data based on experimental testing completed and discussed in detail in [12]. Six 
identical test rooms were used during the full-scale testing, including two parallel room each 
in the East, South and West orientations. The test room had floor area of approximately 26 m2 
and ceiling height of 2.52 m with a window to wall ratio of 48%. Two different types of glazing 
were utilized, including double clear glazing the East test rooms, double low-e glazing in the 
West test rooms, and both low-e and clear glazing in South test rooms (one type in each test 
room). The rational of this set-up during the experimental testing is also discussed in detail in 
[12]. In this work, a single test room with exterior window facing the East orientation is 
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modeled for calibration of the energy model since all the six test rooms were identical in their 
geometry and material construction. The single calibrated room was used to represent results 
from all the six test rooms in three different orientation from the full-scale testing [12] which 
is further discussed in the section below.  
6.2.2 Shading devices and control strategies: 
Daylight and energy simulations were performed for two different type of roller shades, 
hereafter named RS1 and RS2, each using two different control strategies, CS1 and CS2. The 
experimental testing of these shading devices and control strategies and the resulting impacts 
on daylighting and energy savings are discussed in [12]. In this study, the control strategies 
used during experimental testing are modeled and simulated, as the experimental data serves 
as a basis of validation and calibration of the models. The properties of the shading devices 
used are shown in Table 6-1.  
Table 6-1 Properties of the roller shades  
Shading device Openness 
factor 
Visible 
transmittance 
Solar 
transmittance 
Solar 
reflectance 
Fabric 
color 
Roller Shades 1 (RS1) 0.01 0.01 0.01 0.04 Charcoal 
Roller Shades 2 (RS2) 0.03 0.12 0.17 0.64 Oyster 
The two control strategies CS1 and CS2 used [12], are briefly summarized here. The 
first control strategy, control strategy 1 (CS1), is based on solar penetration depth and the 
illuminance level at the vertical illuminance (VI) sensor located 3 m from the exterior window. 
The roller shade was modulated to maintain an illuminance level at the vertical illuminance 
sensor of 1830 lx ± 110 lx (dead-band).  The shade was deployed to a minimum height of the 
work plane protection height [24] when the solar irradiation measured at external vertical 
surface was greater than 150 W/m2. Control Strategy 2 (CS2), is based on solar penetration 
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depth and the illuminance level at work plane illuminance (WPI) sensor located 1 m from the 
exterior window. The logic of CS2 is similar to CS1; the main difference being for CS2, the 
WPI sensor at 1 m from window was used instead of the VI sensor 3 m from window. 
6.2.3 Daylight modeling: 
6.2.3.1 Baseline model (no shading or lighting controls): 
The model for daylighting was created using the DIVA4-RHINO plugin, which uses 
DAYSIM as a simulation engine. Material properties and the utilized control strategies were 
also implemented. For each room, a daylight model was created using the sensor setup shown 
in Figure 6-1. In the figure, the grid for the lighting control sensor and the shading control 
sensor represents the location where the work plane illuminance sensors were located during 
laboratory testing. The geometry of the Test Rooms was modeled after the actual geometry of 
the Test Rooms, then the material properties (Table 6-2) for the simulation were assigned. The 
surface reflectance properties were assigned to opaque components, while for the window, 
transmittance properties were used. The roller shades were modeled as a translucent material. 
The Radiance “trans material” definition was used for modeling the roller shades which has 
capability of specifying diffuse and specular transmission through a material.  
 
Figure 6-1 Daylight model setup for simulated perimeter office space 
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Table 6-2 Material properties utilized for modeling 
Surface Surface reflectance / transmittance (%) 
Ceiling 70 
Floor 20 
Wall 50 
Furniture 50 
Clear glazing 80 
Low-e glazing 65 
Outside Ground 20 
Roller Shade 1 trans material (VT - 0.01) 
Roller Shade 2 trans material (VT - 0.12) 
Before the addition of shading controls, a comparison was made between the measured 
and simulated illuminance of the three work plane sensors and one vertical illuminance sensor 
for the baseline case without any shading device. The difference between the measured and the 
simulated illuminance are summarized in term of Mean Bias Error (MBE) and Coefficient of 
Variation of the Root Mean Squared Error (CV-RMSE) in Table 6-3.  MBE provides a measure 
of the bias between two time series datasets, and CV-RMSE calculates the variation or 
randomness between the field data and the model results. These were calculated following the 
definitions in ASHRAE Guideline 14 [25].  For MBE, the simulated data was subtracted from 
the measured data and the error are relative to the measured data in terms of percent MBE. 
MBE essentially provides the bias between the two time series datasets and CV-RMSE 
calculates the variation or randomness between the field data and the model.  These values 
represent a comparison of measured and simulated data over a period of one month using 
hourly average values for illuminance.  
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Table 6-3 Comparison of measured and simulated illuminance values for the baseline case (no shading or lighting 
controls) over a period of one month 
Orientation WPI (2.5 m) WPI (1 m) VI (3 m) WPI (4 m) 
MBE CV-RSME MBE CV-RMSE MBE CV-RMSE MBE CV-RMSE 
East -15 18 6.6 39 -10 45 -28 40 
South -11 16 -13 40 0.3 19 -8.2 11 
West -31 27 -4 42 -20 49 -27 22 
Note: WPI = work plane illuminance sensor; VI = vertical illuminance sensor; distance shown 
in meters is distance from the exterior window; MBE = mean bias error; CV-RMSE = Coefficient of 
Variation of the Root Mean Squared Error 
 
6.2.3.2 Model with dynamic shading 
For the application of the roller shades control strategies for daylight simulation, 10 
different states of the roller shades were developed, representing 10% increments of shade 
height. This was modeled such that the height of the shading device was changed based on the 
feedback from the vertical illuminance sensor at 3 m from the window in case of CS1, and 
based on feedback from the work plane illuminance sensor at 1 m from the window in case of 
CS2. The setup of the sensor and application of roller shades control is shown in Figure 6-1.  
For lighting control, the artificial interior lighting was set to be dimmed to maintain a 
minimum illuminance of 500 lux at a floor height of 0.76 m, at work plane illuminance sensor 
2.5 m from the window, following the full-scale test setup. Next, the output from the both 
simulations were combined using a custom script in Python to selection the appropriate shade 
height. An external irradiation sensor is not possible to include in DAYSIM 3.0, which was 
used as the daylight simulation software. As such, the full-scale experimental method used for 
control using two sensors, including one external irradiation sensor and an interior illuminance 
sensor, cannot be identically modeled in the daylight simulation software. Therefore, for the 
application of the utilized control algorithm, either measured vertical irradiation, or vertical 
irradiation at the exterior facade obtained from EnergyPlus output can be used to obtain the 
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fraction of window occluded by the shading device. For this study, the measured external 
vertical irradiation was used. However, if this information was not measured during testing, 
the estimated vertical irradiation on each facade can be obtained from the results of the energy 
simulation software. 
6.2.4 Co-Simulation method  
The model in DIVA4-Rhino was used to run a simulation using the daylight simulation 
software DAYSIM which has capability to run simulations at a 1-minute time step, as 
compared to the 1-hour interval of DIVA4-Rhino. Using a 1-minute time step is particularly 
useful if detailed results are desired for daylight simulation. A 1-minute output is also desirable 
for use as input into EnergyPlus, which is also able to run whole building energy simulation in 
1-minute time steps. Thus, the output of shade height from DAYSIM-based daylight 
simulation was used as input into energy simulation, given the significant limitations of 
EnergyPlus in terms of modeling shading and daylighting. The comparison of shade height 
from the experimental data and simulation for the three orientation are shown in Table 6-4. 
Comparison of lighting energy and shade height for the East orientation using RS2 as the 
shading device and CS1 as the control strategy is provided as an example in Figure 6-2. 
Table 6-4 Comparison of simulation result and measured data for lighting energy use (kWh) and shade height (m) 
  MBE CV-RMSE 
Shade Type RS1 RS2 RS1 RS2 
Control Strategy CS1 CS2 CS1 CS2 CS1 CS2 CS1 CS2 
Lighting 
energy 
(kWh) 
East 1.7 1.6 1.6 0.5 8.0 11.1 4.8 7.3 
South -4.0 -1.0 -5.0 -5.7 9.8 7.9 11.5 12.5 
West -0.3 3.4 -1.4 1.7 8.5 17.2 7.1 9.5 
Shade 
height 
(m) 
East 16.4 -2.6 18.5 -7.8 38.8 19.2 39.3 21.6 
South 43.7 5.8 -18.8 -21.1 73.4 16.6 80.0 56.2 
West 6.3 -11.8 1.1 -18.5 73.7 41.0 42.5 39.0 
        Note: RS1 = rollershade 1; RS2 = rollershade 2 (see Table 6-1 for properties); CS1 = control strategy 1; CS2 
= control strategy 2; MBE = Mean bias error; CV-RMSE= coefficient of variance of root mean square error) 
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Figure 6-2 Time series comparison of lighting and shade height 
(a) lighting fraction (%) and (b) roller shade closed status (%), from daylighting simulation and field data for 
a period of 6 days   
 
6.2.5 Energy model  
6.2.5.1 Baseline model 
The energy modeling was performed using EnergyPlus using the input parameters 
listed in Table 6-3. Each test room was modeled as a conditioned zone while the plenum above 
was modeled as unconditioned space. The interior wall of each of the six test rooms and the 
plenum above was modeled as adiabatic since the adjacent zone to each test room in the actual 
building was maintained at a similar temperature to the test room. In addition to the parameters 
listed in this table, properties of the windows and shading devices were assigned for their 
respective test periods in each orientation. The model utilized an ideal air system to meet the 
air conditioning requirements of the room. This was compared to the measured cooling load 
calculated using supply air flow rate and the temperature difference between the supply and 
room air, as described in [8]. Lighting power was measured using a Direct Digital Control 
(DDC) system. To calibrate the energy model, the heating ventilation and air conditioning 
(HVAC) and lighting energy consumption from the measured data and simulated data for the 
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baseline rooms (no shading or lighting controls) was compared for each orientation. The model 
parameters in the energy model (material properties) were adjusted to minimize the mean 
squared error between the measured and simulated data using GenOpt [26]. GenOpt is 
optimization program that is designed to minimize the cost function evaluated by an external 
simulation program such as EnergyPlus. It was developed for problems where the cost function 
is computationally expensive [26]. The Hooke-Jeeves algorithm was used for the Generalized 
Pattern Search (GPS) to identify the optimal solution for the model calibration. Using the 
updated model, energy simulation was then performed for the roller shades control. The 
geometry of the energy model (left) and the step-by-step process of model calibration followed 
herein (right) are shown in Figure 6-3. Several of the important parameters that were used 
during the building energy simulation are listed in Table 6-5. The change in energy 
consumption resulting from the optimization is shown in Figure 6-4. 
 
Figure 6-3 Energy model geometry of a single perimeter office space test room (left) and calibration procedure 
(right) 
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Table 6-5 Input parameters for energy model development 
Parameters Value 
Weather data (TMY format) 
Custom weather file created from on-site weather station data for 
the period of testing 
Occupancy schedule and internal 
loads from office equipment (fully 
ON) 
6:30 am to 9:30 pm 
Zone floor area 25.9 m2 
Zone volume 65.3 m3 
Ideal load air system 
Ideal load air system with reheat with rated maximum flow rate 
of 0.47m3/s per room and rated minimum flow rate of 0.037 m3/s 
per room 
 
 
Figure 6-4 Comaprison of simulation model with measured data 
 
This optimization was carried out for the test room in the East orientation and the room 
was rotated at 90º and 180º for the simulation in the South and the West orientation 
respectively. The glazing properties were changed for the test rooms with low-e glazing to 
correspond to the field-tested conditions. 
Changes were made to different material in the construction of the test rooms which 
includes the changes in four different locations, including ceramic tiles (ceiling), gypsum 
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plastering (internal wall), brickwork (internal wall), gypsum board (external wall) and cast 
concrete (floor). The original properties and optimized properties of these layers are as show 
in Figure 6-5.  
 
Figure 6-5 Material properties changes before and after optimization  
(Note: Ori = Original; Opt = Optimized) 
 
The changes in the material properties changed the heat capacity of the test rooms 
calculated as sum of product of mass and specific heat capacity of each of the material from 
19.5 Million J/k to 25.3 Million J/k. 
6.2.5.2 Model with dynamic shading 
In EnergyPlus, roller shades can be modeled using three different methods, including 
(a) the simple window model, (b) the complex fenestration model, and (c) the equivalent layer 
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model [27]. Details on these models are described in [27], some details of which are discussed 
in this section. EnergyPlus can only control roller shades to be in either the “on” (fully closed) 
or “off” (fully open) position using built in functions. Because of this limitation, roller shades 
cannot be directly controlled at intermediate heights in EnergyPlus using currently integrated 
techniques. To overcome this limitation, the window was divided into 10 horizontal sections, 
each accounting for 10% of the actual window size. Then, using the shade height as an annual 
schedule, the shading device was closed/opened to the respective height for each window 
segment. For example, if the shading height was considered to be 10%, the first, top section of 
the window’s shading device state was “closed” and other nine sections’ shading device states 
were “open”. Similarly, if the shading height was set to 20%, the first and second top sections 
of the window shading device state were set to “closed” and the rest were set to “open”. Here, 
the shade height resulting from the daylight simulation can be used. However, in this study, 
we used the measured shade height such that any error originating from the differences in 
measured and simulated shade height is omitted from the model. The description of the three 
methods mentioned above are as follows: 
1. Simple layered window: To model the window, this model uses different layers of glazing 
and gaps filled with different air or gas mixtures.  For the clear glazing, the glazing layers 
were both clear 3 mm and the air gap was 6.3 mm. The calculated visible transmittance 
(VT) was 0.81, U-value was 3.12 W/m2-K and the solar heat gain coefficient (SHGC) was 
0.76 when evaluated in WINDOW [28]. For low-e glazing, the glazing layers were low-e 
3mm and clear 3 mm and the gap was 11mm with 90% argon-10% air mixture. In the 
remainder of this work, this model will be addressed as “Simple model”. 
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2. Equivalent layer model: This model uses direct and diffuse split of the incident solar 
irradiation to represent the shading device. The determination of off-normal solar optical 
properties using this model is based on [19]. The model is not intended for materials with 
high values of openness and should be limited to a maximum openness fraction of 0.20.  
3. Complex Fenestration System (CFS) model: In this model, bi-directional scattering 
distribution function (BSDF) data exported from the WINDOW [28] was used to control 
the shade. Two BSDF files, one without a shading device and other with a shading device 
were imported in EnergyPlus. The input used for calculating the BSDF for the glazing was 
the same construction that was used for creating the simple layered window. One of the 
shades (RS2), already had a BSDF file available in the WINDOW database while for 
another (RS1) the BSDF file needed to define the shading layer. This was created using the 
genBSDF tool in Radiance [15]. For both the equivalent layer model and complex 
fenestration model, an energy management system (EMS) in EnergyPlus was used to 
change the construction of the window material to represent two different constructions, 
including with and without the shading device. The construction of different sections of 
the windows among the 10 horizontal sections were changed based on the shade height 
schedule based created based on measured data. 
6.3 Results 
6.3.1 Energy model 
6.3.1.1 Baseline energy model comparison with measured data 
The comparison of total energy consumption between the measured and simulated data 
at hourly intervals for the baseline (no shading or lighting controls) test case over a period of 
one month (July 1st to 30th, 2017) is provided in Table 6-6. Graphs from July 1st to 15th  for 
146 
 
 
cooling energy are shown in Figure 6-6. This table provides the total value of measured and 
simulated energy and MBE and CV-RMSE. Table 6-6 shows that the for the rooms with clear 
glazing, i.e. in East and South orientation, the equivalent layer model has lower energy 
consumption compared to the CFS and Simple model. The MBE is within ±15% for all models, 
and the CV-RMSE is below 40%. The figure shows that for low-e glazing in West orientation, 
the performance of three different models are similar and there is a slight over-prediction on 
energy consumption during the morning hours and under-prediction during the evening hours 
as compared to the measured data. 
Table 6-6 Comparsion of measured and simulated energy consumption for the baseline case (no shading or 
lighting controls) in each orientation for a period of one month (July 1st to 30th, 2017) 
  
Measured 
 (kWh) 
Simulated (kWh) MBE RMSE 
CFS Equivalent Simple CFS Equivalent Simple CFS Equivalent Simple 
East 867.3 922.6 795.0 911.8 -6.4 8.3 -5.1 39.8 38.4 39.5 
South 631.1 724.1 615.6 692.5 -14.7 2.5 -13.0 34.9 25.1 33.1 
West 586.7 624.0 620.3 630.8 -6.4 -5.7 -7.5 36.0 36.1 36.5 
 
 
Figure 6-6 Measured and simulated cooling energy demand for the (a) East, (b) South,, and (c) West baseline 
Test Room for July 1st-15th, 2017 
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6.3.1.2 Model with dynamic shading: 
The results of the energy simulation that used the three different models for the roller 
shades are compared to the laboratory measured data. The comparison between the measured 
and the simulated data for the Test Rooms with both dynamic shading and lighting are 
summarized in Table 6-7. The table includes the MBE and CV-RMSE values, as well as the 
measured and simulated energy use results. The energy use values in Table 6-7 include 
coincidental energy consumption from both cooling and lighting applications. 
Table 6-7 Comparsion of measured and simulated energy consumption for case with dynamic roller shades and 
lighting controls 
 
Shade Control MBE CV-RMSE Measured 
(kWh) 
Simulated (kWh) 
CFS Eqv Simple CFS Eqv Simple CFS Eqv Simple 
East RS1 CS1 40.0 26.7 -5.6 61.3 41.9 36.9 299.2 179.6 219.3 316.0 
CS2 34.8 23.9 -8.6 57.1 39.8 41.9 390.2 254.5 297.0 423.6 
RS2 CS1 33.2 34.7 13.4 49.7 50.2 36.3 117.8 78.7 77.0 102.0 
CS2 23.0 26.3 -0.5 36.6 38.6 29.1 124.6 95.9 91.9 125.2 
South RS1 CS1 22.6 18.3 9.3 45.4 43.3 43.8 124.7 96.5 101.9 113.1 
CS2 20.4 15.7 5.8 37.8 35.3 34.9 127.6 101.6 107.6 120.2 
RS2 CS1 5.2 1.3 -7.3 24.8 24.3 29.1 121.9 115.6 120.3 130.8 
CS2 2.6 -1.3 -9.9 25.4 25.5 30.7 152.3 148.3 154.2 167.4 
West RS1 CS1 15.6 10.7 1.2 45.6 43.0 39.8 139.9 118.1 125.0 138.2 
CS2 20.6 14.2 1.9 51.1 47.3 43.6 153.5 121.8 131.7 150.5 
RS2 CS1 16.9 10.2 -1.8 40.3 38.7 36.7 228.2 189.5 204.9 232.2 
CS2 18.2 11.8 1.1 39.8 37.7 37.4 227.8 186.5 201.0 225.4 
Note: RS = roller shade; CS = control strategy; MBE = mean bias error; RMSE = root mean squared error; 
CFS = complex fenestration system;Eqv= Equivalent layer model 
 
As shown in the Table 6-7, the MBE is higher for CFS and Equivalent model compared 
to the Simple model. The MBE value is positive for all the test cases while using the CFS and 
Equivalent model, while this is either positive or negative for simple model. This shows that 
overall measured energy is higher compared to simulation model using CFS and the Equivalent 
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models. In addition, the energy consumption while using the Simple model is higher compared 
to the other two model. This difference in the energy consumption originates from the cooling 
energy demand since the same lighting energy demand obtained from daylighting simulation 
was used for all models. The MBE values in the table shows that for Simple mode the MBE is 
within ±15% while the value is higher in other models. The comparison of the three different 
models to the field data is further shown in Figure 6-7. The figure provides the comparison of 
cooling energy consumption from the measured data with three different models when using 
two different types of shading device for CS1. The figure provides the results for all three 
orientation. In the figure it can be seen that both the Equivalent layer model and the CFS model 
have lower energy consumption compared to the simple model.  These results are interesting 
since both the CFS and Equivalent layer model should perform better in comparison to Simple 
model. However, for majority of the cases the Simple model seems to capture the dynamics of 
the energy consumption of the measured data better compared to the other two models. 
 
Figure 6-7 Comparison of measured data and three different shade models (East, West and South orientation 
using CS1 for RS1 and RS2) 
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There could be various reasons for the difference between the measured and simulated 
data including uncertainty inherent in the model or measured data, sky radiance distribution 
calculation using Perez sky model used by EnergyPlus, and non-uniform ground reflectance 
values. While, it is not within the scope of this paper to identify all the potential sources of 
error, one is discussed here. It was found that there was difference in incident external vertical 
irradiation that was measured during the test and calculated using the energy simulation model 
as shown in Figure 6-8. In the figure, we can see that in the South orientation the simulated 
external vertical irradiation (EVI) is higher than the simulated values. This corresponds to the 
cooling energy demand in Figure 6-7 where the peak load during the afternoon hour in the 
South orientation is higher in the simulated data compared to the measured data. Similarly, the 
measured external vertical irradiation is higher in the West orientation for both RS1 and RS2 
compared to the simulated value. This also causes the cooling demand during the late afternoon 
hours in the West orientation to be lower during the simulation compared to the measured data. 
Since measured global horizontal irradiation, and direct normal irradiation was used to create 
the measured data, the potential source of error for the EVI should be the combination of the 
errors coming from sky model and ground reflectance values. 
 
Figure 6-8 Comparison of measured data and simulated EVI (data for the East, West and South orientation) 
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6.4 Conclusions 
Daylighting and energy models were created for six laboratory office spaces. The 
model calibration was performed using the measured data for the baseline case. The method 
used for model calibration using cooling energy and lighting energy demand can be used to 
predict the load of a building before use of the HVAC equipment. Model calibrated using this 
approach can be used to determine optimal control strategies for HVAC equipment to meet the 
cooling load or reduce the peak demand. After performing the baseline calibration, the shade 
model was added to the calibrated model. Then, a comparison of the different models available 
was conducted against the measured data. The comparison showed that the results from the 
different models can vary by more than 20% of the measured data while using different 
modeling methods. It was also observed that the simple layered model for the window 
performed better in comparison to the other two models when the model was compared to the 
measured data for the case with the shading device. This suggests that further investigation of 
the window and shade model in EnergyPlus might be needed so that each of the model can 
provide accurate results for energy consumption. 
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CHAPTER 7. COMPREHENSIVE ANALYSIS OF ENERGY AND DAYLIGHTING 
IMPACT OF WINDOW SHADING SYSTEMS AND CONTROL 
STRATEGIES ON COMMERCIAL BUILDINGS IN UNITED STATES 
Niraj Kunwar, Mahabir Bhandari (Under revision: Energies)  
Abstract 
Commercial buildings consume approximately 1.9 EJ of energy in United States, 50% 
of which is for heating, cooling, and lighting applications.  It is estimated that windows 
contribute to 34% of the energy used for heating and cooling. However, window retrofits are 
not often undertaken to increase energy efficiency because of the higher cost and disruptive 
nature of window installation. Highly efficient window technologies would also need shading 
devices for glare prevention and visual comfort. An automated window shading system with 
an appropriate control strategy is a technology that can reduce energy demand, maintain 
occupant comfort, and enhance the aesthetics and privacy of the built environment. However, 
the benefits of the automated shades currently used by the shading industry are not well studied. 
The topic merits an analysis that will help building owners, designers and engineers, and 
utilities make informed decisions using knowledge of the impact of this technology on energy 
consumption, peak demand, daylighting, and occupant comfort. This study uses integrated 
daylight and whole-building energy simulation to evaluate the performance of various control 
strategies that the shading industry uses in commercial office buildings. The analysis was 
performed for three different vintages of medium office buildings at six different locations in 
United States. The results obtained show the control strategies enabled cooling energy savings 
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of up to 40% using exterior shading, and lighting energy savings of up to 25%. The control 
strategies described can help building engineers and researchers explore different control 
methods used to control shading in actual buildings but rarely discussed in the literature. This 
information will give researchers the opportunity to investigate potential improvements in 
current technologies and their performance.  
Keywords: Window attachments; shading device; automated controls; daylighting; energy; 
EnergyPlus 
Table 7-1 Acronyms/abbreviations 
ACi 
Automated control i where i=1,2, 
and so on k Thermal conductivity (W/m-K) 
ASE Annual sunlight exposure kWh/m2 Kilowatt-hour per square meter 
B Baseline LC Light control 
CDD Cooling degree days MC Manual control 
DA Daylight autonomy Rsol Solar reflectance 
DGI Daylight glare index sDA Spatial daylight autonomy 
DGP Daylight glare probability SG Secondary glazing 
EJ Exajoules Tsol Solar transmission 
Emi Infrared hemispherical emissivity VT Visible transmission 
F/B Front surface/ back surface VC Venetian blinds control 
HDD Heating degree days   
IES Illuminating Engineering Society   
 
7.1 Introduction 
Commercial buildings in the United States (US) consume approximately 1.9 EJ of 
energy, 50% of which is for heating, cooling, and lighting applications [1]. A study estimated 
that 34% of the total heating and cooling energy consumption by commercial buildings in the 
US is due to heat gain and loss through windows [2]. Solar heat gain is the major and most 
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variable cause of cooling energy demand. Solar heat gain and daylight also affect occupant 
thermal and visual comfort, well-being, and productivity [3,4]. Shades and blinds are a cost-
effective means to reduce energy loss due to windows and provide a comfortable environment 
in the building, and they are easy to install [5]. However, appropriate operation of the shading 
is required to satisfy both objectives, reducing energy consumption and maintaining occupant 
comfort. Most shades and blinds are manually operated, and the frequency of adjustment is 
limited. A study found that 50% of manually operated shades in six commercial building were 
never moved during a 16 day observation period [6]. Automated shades can overcome the 
limitations of manual control and provide a balance between energy efficiency and occupant 
comfort.  
Several research efforts have been carried out on different types of shading devices and 
control methods. Some studies have focused on the characterization of shading types for 
daylighting and thermal performance. A model for determining off-normal properties of roller 
shades was developed [7] based on experimental measurement of roller blind properties. 
Similarly, a method of calculating the solar optical properties of Venetian blinds was 
developed [8]. Different methods of characterizing the thermal and optical properties of a 
combination of glazing and shading layers, known as a “complex fenestration system,” have 
been discussed [9]. Other studies have controlled shading devices using energy and daylight 
simulation tools. EnergyPlus simulation was used to determine the energy savings from roller 
shades operated using different solar radiation set points in a private office space [10]. 
Different glazing systems were assessed with three different shading controls for energy, 
daylighting, and glare performance [11].  Two window sizes, two orientations, and three 
glazing types were simulated for the evaluation using an open plan office building. Another 
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study analyzed 64 cases with 16 different settings of perforated solar screens to examine the 
relationship between daylight availability and annual energy consumption [12]. In that study, 
a shoebox model was used for analysis, with energy consumption based on cooling and heating 
loads. Similarly, a parametric study was performed using a single shading control available in 
DAYSIM to analyze geographic location, room orientation, room depth, window-to-wall ratio, 
optical properties of glass, and external obstructions [13].  
Some research has focused on experimental testing of shading devices and the resulting 
energy consumption, or/and daylighting. Automated roller shades were used to evaluate their 
impact on lighting energy consumption [14]. Recently, experimental testing of integrated 
shading and lighting control found 35% overall energy savings during the cooling season [15]. 
Experiments also were conducted to test the new technology of high–dynamic-range image-
based control of shading devices [16]. Cellular shades have been tested in laboratory homes to 
evaluate their energy performance [17]. Integration of photovoltaic (PV) energy systems with 
Venetian blinds has been performed to reduce lighting energy and optimize PV power 
generation [18]. Novel methods for evaluating daylight glare probability (DGP) using vertical 
illuminance measurement and luminance maps solely based on direct component of light 
sources were explored [19]. Model-based control was used to study the impact of shading 
devices, with a focus on daylighting [20].  
However, the control strategies used in most of these studies are hypothetical strategies 
and not the types of shading control strategies used by the shade automation industry, which 
generally are more complicated to simulate. Simulation studies have controlled shading 
devices based on numerous default control strategies available in software like EnergyPlus 
[21] and DAYSIM [22], but such studies may not represent a large set of realistic control 
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strategies for use in real buildings. For example, results from some studies have claimed 
lighting energy savings of up to 81% [10] and cooling energy savings as high as 85% [23]. The 
unavailability of accurate information on the performance of existing shade controls might 
hinder the market penetration of shading devices and their benefits, such as energy savings, 
visual aesthetics, and potential demand response. Thus, there is need to evaluate generic 
shading control strategies to predict their impact on energy consumption and daylighting more 
reasonably. Although efforts have been made to integrate energy and daylighting simulations 
[24,25], many studies focus solely  on the energy impact [10,23] or on the daylighting 
performance [26,27] of shading alone and do not evaluate the detailed integrated performance. 
Moreover, most of the studies that address both energy and daylighting benefits are limited to 
single-zone models [15] [28], so evaluation of their potential impact at the whole-building level 
is limited. To the best of the authors’ knowledge, there has been no comprehensive study using 
integrated energy and daylighting performance for actual control systems, or shading devices 
in commercial buildings for different climatic conditions.  
We addressed these gaps in the study of shading attachments and evaluated the 
potential impact of shading devices on energy consumption, daylighting, visual and thermal 
comfort, and shade operation for medium office buildings. An integrated daylighting and 
energy simulation approach was adopted. The study was conducted for three different types of 
commercial buildings—a large hotel, a secondary school, and a midrise apartment building; 
but for the sake of brevity, only the methodology and results for the medium office building 
are presented in this paper. Different shades and control strategies were used for a 
comprehensive evaluation in a medium office building. The method of using integrated 
daylighting and energy simulation is not a novel concept for examining shading systems and 
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controls. But to address the gaps described above, a comprehensive study is needed to study 
the performance and impact of shading systems and actual control systems in common building 
types. Hence, typical shading devices used in office buildings and different control strategies 
used in the attachment industry were simulated to evaluate their performance in DOE reference 
medium office buildings. The results for energy consumption were observed at the building 
level; and for daylighting, results for a single floor (middle floor) were taken as a representative 
case for all floors, which had identical geometry and surface reflectance properties. The 
following section provides the methodology used for the energy and daylight simulations and 
the details and implementation of the control strategies used. Results and discussion are 
provided in the subsequent section, followed by the conclusions of the study in the final 
section. 
7.2 Methodology 
7.2.1 Simulation Setup 
The US Department of Energy’s (DOE) medium office building prototypes [29] in six 
different locations were used for energy and daylighting analysis. For example, the prototype 
model geometry was modified as needed to accommodate the complex control algorithms. 
Shading device performance was evaluated using simulations of three different vintages of the 
medium-size office building prototype: existing building built before 1980 (Pre1980), existing 
building built after 1980 (Post1980), and new building (New2016). The floor area of the 
building with three floors was 4,982 m2 with a window-to-wall ratio of 33%. Packaged air-
conditioning units were used for cooling; and for heating, a gas furnace was used for the 
Pre1980 vintage and a gas furnace with electric reheat was used for the Post1980 and New2016 
vintages. The climate zones for which simulations were run included the following locations 
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(ASHRAE climate zones): Houston (2A), Los Angeles (3B-CA), Washington DC (4A), Seattle 
(4C), Chicago (5A), and Minneapolis (6A). Heating degree days (HDD) and cooling degree 
days (CDD) for these locations are shown in Table 7-A1 in the Appendix. The overall 
simulation framework used for the analysis is shown in Figure 7-1.  
Whole-building energy simulation using EnergyPlus was performed for 162 different 
cases for different shading schemes, controls, building vintages, and locations for the medium 
office building. A daylighting model and setup for the daylighting simulation was created using 
the DIVA-for-Rhino [30] plugin in Rhinoceros [31]. Python scripts were used for running the 
daylighting and energy models and for post-processing of the results. The tools used in this 
study are well validated; EnergyPlus is a validated building energy simulation tool [32,33], 
and DIVA-for-Rhino uses DAYSIM, which is a validated daylight simulation engine [34]. 
 
Figure 7-1 Overall framework used for integrated energy and daylighting simulations. 
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7.2.2 Attachments and Controls: 
The properties of different shading attachments used in this study are provided in Table 
7-1. The attachments selected have the properties of commonly used attachment products. 
Table 7-2 Properties of shading devices and secondary glazing 
Shade Other properties 
Thickness 
(mm) 
k 
(W/m-K) 
VT 
(F/B) 
Tsol 
(F/B) 
Rsol 
(F/B) 
Emi 
(F/B) 
Venetian 
blind 
 24 mm wide, 1.5 mm 
rise 
0.10 160.00 0.00 0.00 0.68 0.90 
Roller 
shades 
Light color, 1% 
openness factor  
0.80 0.30 0.12 0.18 0.74 0.90 
Secondary 
glazing 
Low-emissivity 3.00 1.00 0.88 0.74 0.10 0.84/0.15 
 
Four different automated control strategies used in the industry and a manual control 
algorithm based on Nezamdoost et al. [6] were used for roller shades. The automated control 
strategies were modeled based on the descriptions of control strategies provided by three 
different companies in the field of shade automation. In another setting, Venetian blinds and 
secondary glazing were used, as discussed below. For a baseline, either no shading device or 
secondary glazing was used. The descriptions of the different control strategies used to 
determine the final shade position and electric lighting dimming status are as follows:  
1. Baseline (B): No control used for shading or lighting.  
2. Light control only, no shade (LC): No control for shading but lighting dimming used.  
3. Manual Control (MC): This control, based on Nezamdoost et al. [6], used a control 
definition created based on the behavior of occupants of six large office buildings. Using 
this control algorithm, windows in each façade were divided into ten vertical sections—
four were always open, one was always closed, and five were controlled using the pattern 
defined by different user types (one active and four passive) as defined in Nezamdoost et 
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al. [6]. Each type of user had a different trigger of external vertical irradiation to motivate 
opening and closing of the blinds. Based on user type, the blind was moved once the trigger 
occurred for a certain number of times. More details for this algorithm and its formulation 
can be found in Nezamdoost et al. [6]. The control algorithm defined in that study [6] was 
modeled and implemented in the daylight simulation.  
4. Automated control 1 (AC1): AC1 was based on two heights at which shading devices were 
controlled besides the open and closed settings. At one height, the shades were deployed 
to prevent direct sunlight from penetrating beyond 1.5 m from the window (Hyperion). The 
height calculation was based on solar location, room orientation, and geometry. The other 
height (Visor) was chosen to prevent visual discomfort resulting from excessively bright 
light shining through the window. This height was assumed to be 50%, so that the shade 
covered the top 50% of the window. To control the shading devices, two thresholds were 
used—one to fully open the shade (4,300 lux) and the other to fully close it (53,000 lux). 
When the illuminance from the window was between these two values, the shade was 
deployed to either the Hyperion or the Visor position, whichever covered the greater 
portion of the window, to meet the visual comfort criterion. For the simulation, the final 
height of the shading device was interpolated to a height ranging from 0 to 100% closed at 
25% intervals. 
5. Automated Control 2 (AC2): AC2 was based on glare evaluation using the daylight glare 
index (DGI) as well as the energy demand for cooling. Both the DGI and cooling energy 
rate were available as variables in EnergyPlus. The shade was completely closed whenever 
the calculated DGI value was higher than 22 (based on a DGI sensor located 3.05 m from 
the window and 0.76 m from the floor) or when the room was in cooling mode, to prevent 
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more cooling demand resulting from solar heat gain. At other times, the shading device 
was left fully open. 
6. Automated Control 3 (AC3): This control using an exterior shading device was based on 
external illuminance on the façade. The shades were completely open if the illuminance on 
the external façade was below 15,000 lux and completely closed if the illuminance was 
above 20,000 lux. 
7. Automated Control 4 (AC4): AC4 using interior roller shades was controlled based on 
different illuminance levels on the exterior vertical surface of the façade where the window 
was located. The control logic for various levels of exterior illuminance was as follows: (a) 
<10,000: shade fully open; (b) >10,000 and <15,000: do nothing; (c) >15,000 and <30,000: 
shade 25% closed; (d) >30,000 and <50,000: shade 50% closed; (e) >50,000: shade 75% 
closed. This control strategy did not close the shade for more than 75% of the window 
height. 
8. Venetian blind control (VC): For Venetian blind control, the blinds were rotated to block 
solar beams from entering the space whenever the solar irradiation incident on the window 
exterior surface was higher than 150 W/m2. The rotation angle was determined by the 
position of the sun relative to the window and was calculated by EnergyPlus. 
9. Secondary glazing (SG): A fixed glazing was installed at 38 mm on the interior side of the 
original window.  
7.2.3 Modeling Workflow 
Energy simulation software programs like EnergyPlus, which are widely used for 
energy use, are not as accurate as daylighting software programs such as DAYSIM for 
daylighting calculation [35]. Hence, a daylight model was used for more accurate 
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characterization of shade control and evaluation of daylighting impact. Then, energy 
simulation was used to evaluate the energy savings potential and peak shaving. For the baseline 
(B) and light control only with no shade (LC), a single energy simulation and daylight 
simulation were performed, and the results were evaluated based on those simulations. For VC, 
only energy simulation was performed. Light dimming for VC and SG was based on daylight 
control in EnergyPlus, which was used to calculate lighting energy savings for these 
applications. For SG, daylight simulation was used only to evaluate the daylight metrics. 
For AC1, AC3, AC4, and MC, custom control with daylighting results was used to 
calculate final shade height, lighting level, and daylighting results. The shade height and 
lighting dimming status were then supplied as input to EnergyPlus as a text file–based annual 
schedule. For AC2, control was performed using energy simulation. The annual shade height 
status schedule from the energy simulation was used to post-process the results from the 
daylight simulation. This result from the daylight simulation was used to evaluate the 
daylighting results, as well as to determine the light dimming level, which again was used as 
input into the energy simulation. Thus, this control used two energy simulations, —one before 
the daylight simulation and another after, unlike the other control strategies using only one 
energy simulation. 
7.2.4 Daylight Simulation 
Daylight simulation was performed for the perimeter zone of the middle floor of the 
medium office building, which was assumed to represent the bottom as well as the top floor, 
considering the daylighting on different floors of the building to be the same. The depth of the 
perimeter zone of the building floor was extended from 4.5 m to approximately 10.5 m for 
daylight simulation, using a more realistic model for an open office space based on the 
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feedback from industrial and research partners. The distance between the work plane sensors 
was 0.5 m at a height of 0.76 m from the floor, creating a sensor grid of more than 4,400 
sensors. The work area for daylighting analysis was 1.52 m from the core zone, considering it 
to be a corridor between the core and the perimeter zone.  
 
Figure 7-2 Model setup for daylight simulation analysis grid: left perspective view; right plan (top view). 
 
The ceiling, wall, and floor of the zone were given surface reflectance values of 0.8, 
0.5, and 0.2, respectively. The windows had a visible transmittance (VT) of 0.6, and the 
shading device was defined as a translucent material with a VT of 0.12 using radiance trans 
material with VT 0.12 and surface reflectance of 0.84. For SG, the overall window VT of 0.53 
was used without any shading device; the VT was calculated using WINODW7.6 [36]. The 
shading devices on four different orientations were controlled using four different simulations. 
When a shading device on one of the orientations was controlled, all the other windows were 
modeled as opaque (plastic material) with a surface reflectance value of 0.05, which was lower 
than that of the actual shading device. When simulations for all four orientations were run, the 
contribution of each window was calculated for a different state of the shading device for the 
different control strategies described. The contributions from all four simulation were added 
to obtain the final illuminance level at each of the sensors. This step was performed so that a 
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sensor in one zone (e.g., the east) near another zone (e.g., the south) would not ignore the 
illuminance it received from the south window. 
7.2.5 Energy Simulation 
Energy simulations were primarily based on the medium office prototype building 
models  [29] for six different locations of interest to this study. For roller shades—because the 
default option in EnergyPlus for control was either open or closed—the windows of the 
prototype building models were divided into either four vertical sections (from top to bottom) 
or ten horizontal sections (from side to side) to control the shading devices at intermediate 
height. Hence, they were considered as different shading devices for different parts of the 
windows divided using a custom measure in OpenStudio 2.8.0 [37]. The shading control on 
different windows was based on the different control strategies discussed previously, most of 
which used the post-processed file of the daylight simulation as a schedule input for control. 
The necessary modification of the original EnergyPlus file for implementing different control 
strategies was done using scripting with the Eppy 0.5.51 package [38] in Python. Apart from 
the shading devices, the lighting devices were also dimmed; again, this fraction was obtained 
based on the amount of light required to maintain a work plane illuminance of 500 lux. A 
minimum power fraction of 0.3 was used for lighting devices so that they still consumed 30% 
of the total power when dimmed to the lowest possible level. 
7.3 Results and Discussion 
Detailed results for energy consumption are provided for the medium office building, 
whereas results for other building types are provided only for one building vintage (New2016) 
for different locations and control strategies. Results for daylighting, glare, and shade operation 
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are presented only for the medium office building, as daylighting is not considered important 
for the other two building types studied because of the nature of their occupancy and activities. 
 
7.3.1 Energy Consumption 
Electricity for lighting, cooling, and heating, and gas for heating, were used to calculate 
overall energy use and evaluate energy savings. The results for annual energy use intensity for 
the different control strategies, for three different building vintages, in six different building 
types are provided in Figure 7-3. In the figure, “Total Savings” represents the savings, and the 
other rows represent the energy consumption for different test cases. The figure provides 
detailed results for energy use so thar readers can view the results that might be of interest to 
them for the variation of energy consumption across different control strategies, shades, 
climates, and/or building vintages. although Figure 7-3 seems overwhelming at first, it can be 
used to see different patterns at a glance across the control types, vintages, and control zones. 
For cooling, heating, and lighting energy consumption, higher consumption is shown in red 
and lower consumption in green; higher total savings values are shown in green and lower 
values in red. The total savings in Figure 7-3 were calculated based on total energy 
consumption from heating, cooling, and lighting for each of the cases, subtracted from the total 
energy consumption of the baseline case. In this calculation, the total savings for the baseline 
case is always zero. For other control strategies, total annual energy savings of up to 25.4 
kWh/m2 were observed. The highest energy savings was achieved on the Post1980 vintage 
building at Los Angeles. After Los Angeles, another warm climate, Houston, had high overall 
energy savings of 22.6 kWh/m2. The energy savings in both climates were achieved using the 
AC3 case, i.e., the exterior shading device. This result was expected, as exterior shading can 
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block a greater amount of solar heat gain in a hotter climate and thus reduce the energy needed 
for cooling. Comparing the lighting energy savings between AC3 and other control strategies, 
the lighting energy savings from the AC3 strategy fall between different control strategies for 
both Houston and Los Angeles. The SG performance was also very good throughout all the 
climate zones. SG showed better performance than AC3 in colder climates, as it provides better 
insulation while allowing more solar radiation to enter the building than solar shades do. 
However, the results for daylighting presented later in the paper show that the SG daylighting 
performance is similar to that of the baseline case and inferior to that of automated shading 
devices for enhancing visual comfort. 
Looking at the LC and MC strategies, the energy savings from MC are higher than 
from LC across different vintages and locations, showing that the use of shading devices is 
beneficial from an energy perspective even if they are controlled manually. MC also showed 
higher energy benefits than automated shades in some cases, suggesting that the control 
strategy for a shading device, as well as its location, is important for determining its energy 
performance. For example, for the Post1980 building in Chicago, the MC savings of 10.7 
kWh/m2 is higher than the AC1 (9.3 kWh/m2) and AC4 (8.9 kWh/m2) savings, but lower than 
AC2 (10.5 kWh/m2) and AC3 (15.8 kWh/m2) savings. VC shows similar energy savings for 
heating and cooling but lower energy savings for lighting than the other control strategies. VC 
is one of the typical control strategies used to evaluate shading device performance in 
experiments [39] or using EnergyPlus [40]. The overall energy savings from AC1 – AC4 are 
generally higher than those from VC, which suggests that these strategies are good candidates 
for overall energy savings in buildings. 
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Figure 7-3 Energy consumption and savings for different shade control strategies at six different locations and 
three different building vintages: Ne–New2016; Po–Post1980; Pr–Pr1980 vintage; E–Electricity; G–Gas. 
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AC1 8.9 15.5 16.1 7.2 15.8 13.7 3.3 12.0 7.5 2.7 12.1 5.8 1.3 9.3 5.7 0.0 8.1 3.8
AC2 8.4 14.4 14.5 6.3 15.7 11.2 3.2 12.3 9.1 2.2 12.9 6.2 1.5 10.5 6.2 0.2 8.8 5.2
AC3 12.2 22.6 21.3 8.4 25.4 14.3 3.5 17.5 11.6 2.2 20.2 6.5 1.8 15.8 9.1 2.8 13.6 9.1
AC4 8.6 15.0 15.5 7.1 15.5 13.6 3.6 11.9 7.6 3.0 11.6 6.3 1.5 8.9 6.0 0.1 8.1 3.9
B 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
LC 8.0 13.4 13.7 6.5 12.6 12.8 3.7 11.2 8.5 2.8 9.9 7.6 1.6 8.6 6.9 0.3 7.9 5.7
MC 8.5 15.6 14.9 6.8 14.9 13.2 3.9 12.3 10.3 3.1 11.9 8.7 2.3 10.7 8.3 1.1 9.7 7.6
SG 10.4 23.9 19.3 6.6 21.6 13.8 8.1 20.1 22.1 7.0 22.1 16.9 8.6 22.3 20.7 8.9 22.6 23.7
VC 6.7 10.4 13.1 5.4 8.8 12.0 3.5 8.3 6.7 2.5 6.1 6.4 1.8 6.5 5.4 0.5 5.5 3.7
AC1 26.5 46.2 39.8 11.9 22.2 6.8 13.6 22.4 20.0 4.9 7.0 3.4 11.7 16.2 11.5 9.7 13.3 9.6
AC2 26.0 46.1 38.7 11.6 21.6 6.6 13.1 22.2 19.4 4.8 6.9 3.3 11.3 15.9 11.4 9.4 13.2 9.5
AC3 23.5 42.3 33.7 10.3 17.3 5.0 11.3 20.5 16.1 3.8 5.7 2.5 9.5 14.8 10.4 7.8 12.1 8.6
AC4 26.9 46.8 40.9 12.1 22.7 7.2 13.9 22.8 20.7 5.1 7.2 3.6 12.0 16.5 11.8 10.0 13.5 9.9
B 28.9 50.2 45.2 13.5 25.6 8.8 15.9 25.8 23.9 5.9 8.2 4.3 13.2 18.4 13.6 11.2 15.2 11.6
LC 27.7 48.0 43.2 12.7 24.4 8.1 14.5 23.8 22.4 5.5 7.7 4.0 12.7 17.2 12.4 10.6 14.2 10.5
MC 27.2 46.9 41.9 12.4 23.4 7.6 14.2 23.4 21.6 5.3 7.4 3.7 12.3 16.8 12.1 10.3 13.9 10.2
SG 26.3 43.8 39.1 12.7 21.7 7.2 14.1 25.2 20.2 5.4 7.5 3.5 12.2 18.2 13.2 10.2 15.1 11.2
VC 28.1 48.6 42.2 13.3 24.9 7.6 14.7 24.1 21.7 5.6 7.9 3.7 12.7 17.2 12.2 10.7 14.2 10.3
AC1 2.7 13.0 0.0 0.4 11.7 0.0 7.1 32.1 0.0 6.8 31.5 0.0 12.2 47.7 0.0 16.1 55.4 0.0
AC2 2.4 10.9 0.0 0.4 9.4 0.0 6.6 30.1 0.0 6.1 28.3 0.0 11.4 44.9 0.0 15.4 53.4 0.0
AC3 1.6 8.8 0.0 0.2 6.0 0.0 6.2 27.3 0.0 4.6 22.3 0.0 10.5 40.3 0.0 14.3 49.0 0.0
AC4 2.7 13.4 0.0 0.4 11.8 0.0 7.1 32.8 0.0 6.9 32.7 0.0 12.2 48.6 0.0 16.1 56.0 0.0
B 4.4 12.4 0.0 1.1 12.0 0.0 6.5 31.2 0.0 6.5 32.1 0.0 10.8 45.8 0.0 14.3 53.4 0.0
LC 2.7 13.8 0.0 0.4 13.0 0.0 6.9 33.3 0.0 7.3 34.3 0.0 12.1 49.0 0.0 16.2 56.9 0.0
MC 2.5 12.3 0.0 0.4 11.5 0.0 6.4 31.5 0.0 6.7 31.6 0.0 11.3 46.5 0.0 15.2 54.6 0.0
SG 1.4 6.8 0.0 0.2 6.2 0.0 3.4 23.6 0.0 3.6 21.3 0.0 6.6 35.3 0.0 9.1 42.4 0.0
VC 3.3 14.8 0.0 0.6 15.1 0.0 8.0 35.0 0.0 8.2 37.0 0.0 13.0 50.4 0.0 17.4 58.6 0.0
AC1 0.5 0.7 5.4 0.1 0.0 1.4 9.1 9.1 37.5 5.3 2.7 25.1 15.3 16.1 56.6 21.3 23.8 78.8
AC2 0.5 0.6 4.7 0.2 0.0 1.1 9.4 9.0 34.5 5.6 2.7 22.3 15.7 16.3 54.6 21.7 23.7 76.0
AC3 1.0 0.9 5.5 0.4 0.0 1.5 12.0 10.3 37.3 9.1 5.2 25.3 18.6 18.0 53.9 22.1 25.7 74.3
AC4 0.5 0.6 5.3 0.1 0.0 1.4 8.7 8.8 37.4 4.9 2.5 25.0 14.9 15.7 56.4 21.1 23.4 78.8
B 0.2 0.5 3.8 0.0 0.0 0.9 5.9 7.0 29.5 2.6 1.5 18.5 11.6 13.3 48.4 16.8 20.3 68.8
LC 0.4 0.6 4.8 0.1 0.0 1.2 8.2 8.2 34.9 4.3 2.0 23.2 14.3 14.8 54.8 20.3 22.0 76.5
MC 0.4 0.6 4.5 0.1 0.0 1.1 8.5 8.4 33.1 4.5 2.2 21.7 14.6 15.3 53.5 20.7 22.5 74.7
SG 0.4 0.7 2.7 0.1 0.0 0.5 7.6 6.9 22.9 3.6 2.0 13.5 13.0 13.2 39.7 18.8 20.2 57.0
VC 0.3 0.6 5.1 0.1 0.0 1.3 7.0 7.8 36.3 3.3 1.7 23.5 12.9 14.5 55.4 18.5 21.6 77.4
AC1 15.7 41.6 41.6 15.7 41.7 41.7 16.0 42.3 42.3 16.0 42.4 42.4 15.9 42.0 42.0 15.9 42.1 42.1
AC2 17.0 44.9 44.9 17.0 44.6 44.6 16.7 44.2 44.2 17.0 44.9 44.9 16.5 43.6 43.6 16.5 43.6 43.6
AC3 16.0 42.3 42.3 16.1 42.7 42.7 16.0 42.3 42.3 16.0 42.4 42.4 16.0 42.3 42.3 16.0 42.3 42.3
AC4 15.5 41.1 41.1 15.6 41.4 41.4 15.7 41.6 41.6 15.8 41.8 41.8 15.7 41.6 41.6 15.7 41.6 41.6
B 20.8 53.9 53.9 20.8 53.9 53.9 20.8 53.9 53.9 20.8 53.9 53.9 20.8 53.9 53.9 20.8 53.9 53.9
LC 15.5 41.1 41.1 15.6 41.4 41.4 15.6 41.5 41.5 15.8 41.8 41.8 15.7 41.6 41.6 15.7 41.6 41.6
MC 15.6 41.5 41.5 15.7 41.6 41.6 16.0 42.3 42.3 16.0 42.5 42.5 15.8 42.0 42.0 15.8 41.9 41.9
SG 15.8 41.8 41.8 15.8 41.9 41.9 15.9 42.1 42.1 16.1 42.8 42.8 15.9 42.3 42.3 16.0 42.4 42.4
VC 15.9 42.5 42.5 16.0 42.6 42.6 15.9 42.7 42.5 16.1 43.0 43.0 16.0 42.8 42.8 16.0 42.9 42.9
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The results for percentage energy savings for cooling, lighting, and total energy 
consumption are provided in Figure 7-4. The total energy consumption savings also account 
for the increase in heating energy consumption resulting from the use of shading devices. 
 
Figure 7-4 Energy savings relative to baseline case resulting from other shading attachment and/or lighting 
control strategies in different medium office building vintages and locations. 
 
Figure 7-4 illustrates higher variability in cooling energy savings and overall energy 
savings than in lighting savings. AC3 and SG perform better than other strategies with regard 
to total energy savings, as they did for absolute energy savings. The performance of AC3 is 
best in hotter climates, whereas SG has better performance than all the other control strategies 
in colder climates. For automated control based on exterior illuminance (AC1, AC3, and AC4), 
the lighting energy savings range from 21 to 25%. The lighting energy savings in the present 
study are lower than the approximately 50% savings obtained in a study based on full-scale 
testing [15]. The reason may be that the depth of the space for daylighting in the present study 
was 10.5 m as opposed to 5 m in the study using experimental testing. Compared with the 
simulation study discussed in ref. [10], in which shades were controlled based on external solar 
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irradiation, the total energy savings in Houston and Minneapolis are lower in the present study. 
In ref. [10]—based on heating, ventilation, and air-conditioning loads and lighting loads, but 
not on actual electricity consumption—the energy savings range was around 10%  for 
Minneapolis and 35% for Houston using interior shades with 400 W/m2 as the set point for 
shade closure.  
For AC2, the lighting energy savings are slightly lower in warmer climates (Houston 
and Los Angeles) but still range from 17 to 21%. AC2 also has higher cooling energy savings 
among the control strategies using interior shading devices. For overall energy consumption, 
the AC2 trade-off between lighting and cooling energy savings seems to make its performance 
equivalent to that of other automated control strategies like AC1 and AC4. To evaluate the 
holistic performance, it would be necessary to look also at the results for daylighting from 
applying different shading control strategies. Doing so would help to determine which 
strategies that are similar in energy consumption might have better performance for other 
benefits like occupant comfort, productivity, and well-being.  
7.3.2 Peak Demand 
An example of how shades and shading controls affect peak demand is shown in Figure 
7-5 for the New2016 vintage. The peak load is based on the highest demand calculated at 1-
hour intervals during each month, and the results are provided for 4 months: March, June, 
September, and December.  
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Figure 7-5 Peak demand in medium office building forNew2016 vintage. 
 
During March, the use of shading devices caused increased peak demand in 
Minneapolis and Chicago. AC3 was the best control strategy for peak load reduction during 
June and September in all locations, and SG was the best in December in all locations except 
Los Angeles. Except during shoulder seasons, such as the month of March, integrated shading 
and lighting control reduces peak loads compared with the baseline case. Note that the peak 
demand for winter months in cold climates results mainly from the use of a variable-air-volume 
system with electric reheat in this prototype model. Compared with LC, the performance of 
the other control strategies varies for different types of shading devices. Note that the 
automated control strategies used were not primarily focused on reducing peak demand, so 
other strategies that can serve this purpose should be explored if higher peak load reduction is 
the objective of the shading controls. This finding shows that although shading devices and 
controls have potential for demand reduction, their performance varies by the season and the 
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location of the building. In general, the results also show that more peak load shaving might 
be achievable in warmer seasons or warmer locations. 
7.3.3 Daylighting 
Daylighting is evaluated using the metrics of spatial daylight autonomy (sDA) and 
annual sunlight exposure (ASE), following IES (Illuminating Engineering Society) LM-83-12 
[41]. It defines sDA as “percentage of floor area that exceeds a specified illuminance level for 
a specified number of annual hours” and ASE as the percentage of floor area where direct 
beams from the sun greater than 1,000 lux reach 250 hours annually. The former metric 
represents the availability of daylight in a space, and the latter provides information on 
potential visual discomfort from excessive daylight. Here, the specified illuminance for sDA 
is 300 lux for 50% of the annual occupied hours. Formally, ASE is defined by IES LM-83-12 
only for cases without any shading devices, so the ASE values presented for cases with shading 
are modified ASEs. To avoid complication, we use the term “ASE” both for regular ASE 
(without shading devices) and modified ASE (with shading devices) in this paper. The metrics 
sDA and ASE were used together to evaluate the daylighting conditions in the analysis area. 
Table 7-2 shows sDA and ASE results for all cases using roller shades and for the baseline 
case and secondary glazing.  
Table 7-3 Spatial daylight autonomy and annual sunlight exposure for different shading control strategies in 
medium office at six different locations 
 
sDA 
 
ASE 
B AC1 AC2 AC3 AC4 MC SG 
 
B AC1 AC2 AC3 AC4 MC SG 
Chicago 73 40 30 58 50 54 66 
 
36 12 23 0 16 32 35 
Houston 75 42 17 59 49 55 68 
 
28 10 2 2 13 25 26 
Los Angeles 78 43 13 60 49 55 77 
 
33 12 5 2 18 30 33 
Minneapolis 74 40 34 58 50 54 67 
 
40 14 28 6 20 37 40 
Seattle 68 37 20 56 48 52 62 
 
35 12 7 0 17 33 34 
Washington 75 41 28 59 49 55 69 
 
31 14 16 3 16 29 31 
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In Table 7-2, the sDA values are different for the control strategies used, and an sDA 
reduction can be seen compared with the baseline case for all the control strategies. The 
reduction in daylight is higher than in the MC case for all the automated control cases except 
AC3. The reason could be either the position of a shading device (i.e., interior vs. exterior) or 
the control strategy for the shading device. For example, the AC2 case results in less daylight 
harvesting and thus, as shown in Figure 7-4, it results in greater lighting energy consumption 
than the other automated control strategies. Looking at ASE and sDA together, it can be seen 
that although MC results in slightly higher sDA than most of the automated control cases, the 
ASE value is very high for MC and closer to the baseline case; i.e., there is a higher probability 
of visual discomfort from using MC than from using automated controls. For SG, the ASE 
value is like the baseline, with a slight reduction in sDA compared with the baseline, meaning 
there is a higher probability of excessive daylight if SG is used without any shading device. 
AC3 using an exterior shade enables more daylight harvesting (higher sDA) and a lower 
probability of visual discomfort (lower ASE) at the same time.  
Figure 7-6a and 6-6b presents a heat map showing the percentage of daylight autonomy 
(DA) for each sensor and the ASE for Chicago. Here, DA is the percentage of occupied hours 
when the desired illuminance is met by daylight alone (in this case, 300 lux). The heat map is 
provided for the control cases B, SG, MC, and AC1–AC4. In the figure, the positive x-axis 
points to the east orientation and the positive y-axis points to the north orientation. The heat 
map is for the region covered by the sensor grid for daylight simulation. The heat map in Figure 
7-6a shows that use of automated controls results in some reduction in DA away from the 
window compared with the baseline case, and the DA is similar throughout the different 
orientations. The use of MC creates a nonuniform distribution of DA even in a single 
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orientation, which can be seen in the east and west orientation of the figure. In Figure 7-6b, 
ASE is higher for both B and MC than for the automatic control cases, as shown by the area 
colored red. Among the automatic control cases, AC2 shows higher ASE, although the sDA 
value for that case is lower than for the other automatic control cases. This is because in the 
cold climate of Chicago, AC2 results in shading closures less of the time, resulting in higher 
glare in these locations compared with warmer locations. A similar trend was observed for 
another cold climate location of Minneapolis. The percentage of time the shades are closed, 
and number of shade movements, are provided in the results for shade operation. This finding 
shows that daylight shade performance might be impacted negatively if controls are based 
solely on cooling/heating. Thus, the control strategy for a shading device must be considered 
carefully. As discussed in the results for energy, AC2 performance was comparable to that of 
other strategies; but the analysis of daylighting results shows that when holistic performance 
is considered, other strategies might have an advantage over AC2 for overall performance.  
 
Figure 7-6 Daylight grid heat map building at Chicago: (a) daylight autonomy, (b) annual sunlight exposure. 
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7.3.4 Glare 
Glare was evaluated for the baseline case and four different automated control 
strategies. Glare was evaluated using DGP [42], which is a function of vertical eye illuminance 
and glare source luminance, its solid angle, and its position index. DGP in the study was 
calculated using DIVA-for-Rhino with the occupant positioned 2 m away from the window 
and at an eye height of 1.2 m facing the window in each of the four cardinal directions. We 
used a threshold of 0.4 so that values greater than this value were considered to cause visual 
discomfort to occupants. The glare results for different control strategies, orientations, and 
locations in Table 7-3 show the annual percentage of occupied hours from 8 a.m. to 6 p.m. 
when DGP is greater than 0.4.  
The use of shading devices reduces glare considerably compared with the baseline case 
and SG in all locations. Glare is present for more of the time using SG compared with using 
he automated control strategies. Thus, while SG can provide higher energy benefits, the 
improvement in occupant visual comfort using SG is minimal. As expected, in the north 
orientation, the glare is low even when the shading device is not used, whereas the probability 
of glare is highest in the south orientation for most cases. The variation in glare in different 
geographic locations is also higher in the south orientation for all automated shading devices 
with interior shades. For example, using AC1, DGP greater than 0.4 is 8% in Houston but 22% 
in Los Angeles. In Table 7-3, AC3, which uses exterior shades, has better performance in glare 
reduction than do other control strategies. However, it can also be seen that glare occurs up to 
25% of the time when the other control strategies are used. The three following issues could 
be the reasons for the glare. 
 
176 
 
 
Table 7-4 Results for glare showing percentage of time DGP is >0.4 in a medium office building for different 
locations, control strategies, and window orientations 
    East North South West 
B 
Chicago 24% 3% 44% 25% 
Houston 29% 3% 39% 33% 
Los Angeles 28% 2% 58% 33% 
Minneapolis 22% 3% 42% 28% 
Seattle 18% 3% 35% 23% 
Washington 24% 4% 49% 30% 
SG 
Chicago 19% 2% 32% 25% 
Houston 24% 1% 27% 27% 
Los Angeles 24% 1% 36% 33% 
Minneapolis 20% 1% 37% 26% 
Seattle 17% 0% 33% 23% 
Washington 22% 2% 35% 27% 
AC1 
Chicago 7% 1% 15% 9% 
Houston 10% 1% 8% 14% 
Los Angeles 10% 1% 22% 11% 
Minneapolis 6% 2% 15% 12% 
Seattle 5% 2% 11% 10% 
Washington 7% 2% 17% 11% 
AC2 
Chicago 11% 2% 22% 13% 
Houston 11% 1% 11% 15% 
Los Angeles 10% 1% 24% 13% 
Minneapolis 10% 2% 22% 16% 
Seattle 7% 2% 13% 11% 
Washington 10% 2% 22% 15% 
AC3 
Chicago 3% 0% 1% 8% 
Houston 3% 0% 1% 11% 
Los Angeles 6% 1% 6% 9% 
Minneapolis 5% 3% 4% 11% 
Seattle 4% 2% 4% 7% 
Washington 6% 2% 5% 9% 
AC4 
Chicago 9% 2% 17% 10% 
Houston 13% 1% 11% 16% 
Los Angeles 11% 1% 26% 14% 
Minneapolis 7% 2% 17% 14% 
Seattle 7% 2% 12% 12% 
Washington 9% 2% 21% 13% 
 
1. Control strategy: Since the control strategies used were not based on DGP, glare 
remains an issue. Control strategies that aim to mitigate glare might be required to 
address the problem of glare. 
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2. Shading devices: The shading device used in this study has 12% VT and thus cannot 
reduce uncomfortable glare to an acceptable level. This situation also occurs when the 
shading device is fully closed. For example, in Los Angeles, for controls with interior 
shading—AC1, AC2, and AC4—the percentage of time DGP was >0.4 was around 
18%, even when the shade was closed. Thus, no matter how the shade was controlled, 
glare would occur at least 18% of the time when this fabric was used because 12% VT 
falls on the higher end of commercially available shading device VT. Therefore, shades 
with a lower VT should be used for greater visual comfort. 
3. Occupant position: In this study, the occupant was positioned directly facing the 
window to represent a worst-case scenario for glare. This would not always be the case 
for the occupant position. To show how glare would vary for different occupant 
positions, glare was evaluated by changing the view angle from directly toward the 
window to two other directions—a 45° angle to the window and parallel to the window 
facing the sidewall. An example of one such case is shown in Figure 7-7 for a 
westward-oriented window in Chicago when control AC1 is applied. The total annual 
DGP >0.4 corresponds to 6.25, 11.5, and 13%, respectively, for the three different 
angles relative to the window: parallel, 45, and perpendicular. The figure shows DGP 
divided into four different bins: imperceptible <0.35, perceptible 0.35–0.4, disturbing 
0.4–0.45, and intolerable > 0.45, as explained in Suk et al. [43]. The parallel view 
direction is such that the occupant faces north when the window is to the east, east 
when the window is to the south, and so on; and 45 is 45° clockwise to the parallel 
view. It was observed that glare was lower parallel to the window, and the two other 
cases had similar percentages of glare. Although it is not practical to calculate the glare 
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for different occupant positions and orientations, glare calculated using a single 
position or a few different positions can be used to compare the performance of 
different shades/control strategies. 
 
Figure 7-7 Glare in west orientation Chicago:AC1 strategy with the occupant in three different view positions 
relative to window. 
 
7.3.5 Shade Operation 
The average fraction of window covered by shades and the total number of annual 
shade movements using automated control is shown in Figure 7-8. It shows the coverage and 
the number of movements in four different orientations when control strategies were used in 
the six different locations studied. Figure 7-8 shows that shade operation varies according to 
the orientation of the façade and climatic location. For three control strategies (AC1, AC3, and 
AC4), the movement of shading devices in the north orientation is very low compared with the 
other three orientations. For AC1, the number of movements and the shaded fraction are 
slightly higher compared with AC3 and AC4; one reason is that AC1 starts closing at 4,300 
lux, whereas AC3 and AC4 begin to close at 15,000 lux, as described in the Methodology 
section. Although the number of movements for the AC4 case is higher than in the AC1 and 
AC3 cases in orientations other than north, the fraction of the window covered for AC4 is less 
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than for AC1 and AC3. It might be that the shades are often closed to a lower intermediate 
height (e.g., 25% or 50%) than in the other control strategies. It can also be seen that for AC1 
and AC4, the fraction of shade covering the window is similar across the different locations; 
whereas for AC2, the coverage fraction is higher in the warmer climates of Houston and Los 
Angeles than in the other four locations. This trend is also seen in AC3 at a lower magnitude. 
 
Figure 7-8 Fraction of window shaded and number of movements of shades for four different automated control 
strategies of roller shades, in different orientations of medium office building at six different US locations. 
 
7.4 Conclusion 
Various control strategies used for shading devices were evaluated for their impact on 
energy consumption and/or daylighting for three vintages of a prototype office building in six 
different US locations. The modeled control strategies, including complex control systems, 
included nine different cases for a medium office building. Daylighting results were presented 
for all the cases using roller shades and the baseline case, and results for energy 
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consumption/savings were also provided for Venetian blinds and secondary glazing. The 
conclusions that can be drawn from this study are as follows: 
Energy consumption and peak load: 
• The results indicate that integrated shading and lighting controls have a high energy benefit 
compared with a baseline case with no shading devices or lighting control. Overall energy 
savings of up to 28% were achieved using the integrated controls in a medium office 
building while using AC3 control using an exterior shade. 
• Variations in performance were observed for different locations and different shades and 
control strategies. For example, higher energy savings were observed in cooling-
dominated than in heating-dominated climates. Hence, control strategies that account for 
the impact of different climatic conditions might be able to realize more energy benefits. 
• The control with exterior shading (AC3) showed the best performance in cooling-
dominated climates and SG performed best in heating-dominated climates in terms of 
energy savings. Both AC3 and SG showed good potential for peak shaving. 
• Using internal shading devices (with similar properties), energy savings varied with the 
control strategy (AC2 showed lower lighting energy savings and higher cooling energy 
savings compared with AC1 and AC4).  
 
Daylighting, glare and shade operation: 
• SG had good energy savings and peak shaving potential but had poor performance for 
glare reduction.  
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• Results showed that glare could be mitigated using automated control strategies and 
shading devices, and careful selection of shading devices and control strategies is required 
to achieve these objectives.  
• External shading had better performance for daylighting harvesting and glare prevention. 
• Shading devices with very high VT do not provide glare prevention. 
• Shade operation with the same shading device can have varying impacts on energy 
consumption and daylighting (AC2 had higher cooling energy savings, lower lighting 
savings and poor daylight harvesting compared with AC1 and AC4). 
 
These results from different shading control strategies can be used to enhance the 
performance of shading devices/ shading controls by modifying the shade properties/control 
algorithms that are practical in real-world scenarios. These control algorithms can also be used 
as a basis for comparison with new control algorithms in terms of energy performance, 
daylighting, and shade operation. 
Although this study presents a comprehensive overview of the impact of numerous 
shade control strategies on different building types in locations with different climatic 
conditions, it has some limitations. A single material was used for the roller shades; more 
products can be explored to observe how a different range of products changes the performance 
of different control strategies. Another limitation of this study is that it does not account for 
user interaction with or override of the automated controls. That factor might impact the 
performance of the shading devices; however, considering occupant behavior would increase 
the complexity of the study excessively. Occupant interaction might provide more insight if it 
were studied using individual case studies and not as part of a performance evaluation such as 
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this one. A next step in characterizing the performance of shading devices in various built 
environments might be studying the effects of occupant behavior on energy performance. 
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7.7 Appendix 
7.7.1 A.1: Summary of annual weather at different climate locations 
Table 7-A1 presents weather information on heating degree days (HDD) and cooling degree 
days (CDD) in the six different climate zones, based on TMY3 weather files. In Table 7-A1, 
the higher the HDDs in a location, the more likely it is that more energy is required for heating; 
and higher CDDs represent a likelihood for higher cooling demand. Houston (1A) thus should 
have the highest demand for cooling energy and Minneapolis the highest demand for heating 
energy. 
 
Table 7-A1 HDD and CDD for different climate locations 
City HDD (base 18°C) CDD (base 18°C) 
Houston 774 1635 
Los Angeles 648 224 
Washington, DC 2592 647 
Seattle 2543 76 
Chicago 3430 506 
Minneapolis 4202 454 
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CHAPTER 8. CONCLUSIONS, LIMITATIONS AND FUTURE WORKS, RESEARCH 
CONTRIBUTION 
8.1 Conclusions 
This dissertation has focused on the evaluation of energy and daylighting impacts of 
dynamic shading on the built environment. The work completed includes the full-scale 
experimental testing of dynamic shading, model creation and calibration with measured data, 
and the annual evaluation of the impact of dynamic shading using daylighting and energy 
simulation. The experimental testing for two different types of roller shades and one venetian 
blinds was performed to meet the Objective 1. The included full-scale testing of the shading 
devices in three different orientations over a period of approximately 7 months using two 
different control strategies for each type of shading device. The results showed that an average 
of 35% overall energy savings was achieved when using both dynamic roller shades and 
venetian blinds with lighting controls. Visual discomfort due to glare was prevented more than 
85% of time for all the test cases. Further, the impact of environmental variables on energy 
was discussed for different types of glazing used for the testing. The correlation between the 
measured work plane illuminance and the measured illuminance in a ceiling sensor was used 
to propose that an illuminance sensor located in the ceiling could be used to control both the 
shading devices and lighting in future applications. 
For Objective 2, daylighting and energy models were created, and the energy model 
was calibrated using measured data for the baseline case using a generalized pattern search 
algorithm. Using the energy model, three different fenestration models available for modeling 
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window and shades in EnergyPlus were used and compared against the measured data. The 
results found that for dynamic shading, the simpler layered window model, performed better 
than the equivalent layer model and CFS model, when compared to the measured data. The 
results also demonstrated that differences between model and actual conditions can arise from 
factors such as sky modeling which uses the Perez sky model and ground reflectance. 
For Objective 3, the U.S. DOE medium office reference building was used to perform 
annual building energy simulation. The simulation was performed for 3 different vintages 
buildings at 6 different locations in the United States using 9 different control strategies, 
including the baseline case. The impact of automated shades on energy consumption, peak 
load, daylighting and discomfort glare was evaluated with analysis of annual operation of 
shading devices. The results from this study showed that exterior shading has the best 
performance in cooling-dominated climates and secondary glazing performs best in heating-
dominated climates, compared to interior shades. In terms of preventing visual discomfort, the 
interior shades performed better compared to secondary glazing. The variation in the control 
strategy also had significant impact on energy and daylighting when using different control 
strategies with interior shading devices. The control strategies utilized in this study can be 
tested to analyze their performance in different locations, for example in Southern hemisphere 
where the solar position relative to the building is substantially different compared to Northern 
hemisphere or places with different longitudes. 
8.2 Limitations and future work 
There are several limitations associated with this study. The shading control utilized 
does not consider occupants’ potential interaction(s) with the shade devices during both 
experimental and simulation studies. Thus, the scenario where users might be dissatisfied with 
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automated control and override the shading device manually is not taken into account in this 
work. Hence, shading control that considers user interaction presents an opportunity for future 
work to build on the findings of this study. Another limitation is that the experimental study 
was conducted during the shoulder and cooling seasons. Thus, the impact of dynamic shades 
on heating energy was not experimentally evaluated. Additionally, the energy savings obtained 
from integrated shading and lighting during the experimental testing was calculated for each 
room and not at the building and system level due to the nature of the testing conducted. The 
energy impact evaluation at building level was only performed using the reference building 
simulation.  
In objective 3 one of the limitations of this study is that the simulation was performed 
considering the building to be located in an unobstructed environment without shading or 
reflection of light from adjacent structures such as other buildings, trees or other objects. The 
daylighting and glare calculated are also based on a particular aspect ratio of building geometry 
with same window-to-wall ratio; for other buildings these calculations may vary with the 
geometry of the considered building. In addition, surface reflectance of the walls as well as 
transmittance of glazing and shading system will impact overall daylighting and glare in a 
space. As such, more testing of dynamic shading during different seasons at varying locations 
can provide more insights as to the impact of dynamic shading under different scenarios. 
Further, dynamic shading and lighting controls can also be integrated with HVAC control to 
optimize the overall energy savings while satisfying visual comfort constraints. This would 
also enable the evaluation of energy impacts of the integrated controls on the system- or utility-
level. Further, the simulation work done for this study can be extended to create a database to 
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aid in the rating of the ability of automated shade controls to improve building energy 
efficiency and daylighting. 
8.3 Research contributions 
This study focuses on the impact of dynamic shading on various aspects of the built 
environment including energy consumption, daylighting and occupant comfort. The findings 
of this study will help engineers, designers, and researchers in the modeling and practical 
aspects of dynamic shading performance. The methodology used for the experimental study 
can provide a framework for future experimental studies on dynamic shading. Similarly, the 
results from the experimental study can be used to validate the results from simulation studies 
as compared to actual test conditions. Finally, the correlation between different illuminance 
sensors obtained from the testing can be used to control shading device using a single sensor 
for both lighting and shading device, thus allowing a reduction in the cost of implementation 
of dynamic shading. 
The research completed on model calibration in this work includes a framework and 
methodology to model the real-world shading control of daylighting and energy simulation 
software. These can be used by others studying related topics. Further, the method used for 
calibration of the model to full-scale testing is applicable to any other related building 
simulation applications that can be used to evaluate the impact of various retrofits in buildings. 
The comparison of the simulation results with measured data using three different modeling 
methods will also be helpful in future studies to support informed choices of the 
appropriateness of the available options to model the window and shading device.  
The results from the annual simulation demonstrates the impact of automated shading 
under different climatic conditions on a typical medium office building in that location. This 
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study also shows the varying impact of different control strategies that can be used for 
controlling shading devices in different locations. This information will assist in the choice of 
control strategies and shading devices that could be used under different climate conditions, 
and finally, the extension of this study can be used for the evaluation of shading devices’ 
impact on building energy efficiency.  
 
